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Abstract 
Mitochondria are an essential component of axons, and proper distribution and transport of these 
organelles is critical for the maintenance of neuronal health. These organelles are responsible for 
oxidative phosphorylation, the primary energy metabolic pathway in neurons, as well as buffering of 
calcium micro-spikes that are a consequence of neuronal signaling. While mitochondria are present in the 
majority of eukaryotic cell types, their positioning is especially important in axons due to the significant 
length of these extensions, and potential distance from the cell body. Mitochondria in axons are actively 
transported anterograde and retrograde relative to the cell body, and disruption of this mechanism is 
known to be responsible for a variety of neurological diseases. The molecular aspects regulating 
mitochondrial transport have been well studied; however, there has been comparatively little focus on the 
large-scale aspects of this phenomenon, across the whole axon. Certain assumptions regarding the overall 
destination and purpose of mitochondrial transport are based upon high-resolution, low field of view 
microscopy studies, and do not take into account the dynamics of the entire axon. 
In this study, we have developed a new method for examining whole-axon movement over 
significant periods of time. This was done through the use of mitochondria-localized dendra2, a 
photoconvertible protein that is able to switch from green fluorescence to red fluorescence through a brief 
exposure to 405 nm laser radiation. By converting mito-dendra2 in either the proximal (soma) or distal 
areas of the axon, we were able to track individual mitochondria over long periods and distances using 
low resolution and high field of view microscopy techniques. The resulting data could be used to 
described total mobility of mitochondria moving in a particular direction, as well as the distribution of 
stationary mitochondria. We were also able to further characterize the nature of mobile mitochondria by 
quantifying their movement into a velocity distribution. This distribution could be fitted to a derivation of 
the Fokker-Planck equation, which examines the nature of movement of particles through a given space. 
Using this new protocol, we were able to find significant differences between anterograde and retrograde 
movement. This protocol was also sensitive enough to detect differences in velocity when the 
mitochondria specific E3 ubiquitin ligase, Parkin, was overexpressed, showing that this method is a useful 
application for examining elements that perturb mitochondrial movement. 
 Using this new methodology, we have also examined the role that mitochondrial calcium 
uniporter (MCU), an inner mitochondrial membrane pore-forming unit, plays in mitochondrial 
movement. MCU has been previously implicated in mitochondrial mobility regulation through the use of 
pharmaceutical methods, though a specific biochemical relationship between the mitochondria transport 
components and MCU has not been established. Here, we have found that reduction in MCU levels in 
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axons significantly reduces both the total number, as well as the velocity, of moving mitochondria. 
Biochemical analysis reveals that this is due to an interaction with Miro1, the primary regulator of 
mitochondrial transport. While Miro1 and MCU are outer and inner mitochondrial membrane proteins, 
respectively, MCU is able to bind to Miro1 through its previously defined mitochondrial targeting 
sequence (MTS). We found that MCU’s MTS is localized to the mitochondrial outer membrane, and is 
dispensable for localization of MCU to mitochondria. This interaction is vital for mitochondrial transport 
to occur, and overexpression of an MCU mutant without the MTS is unable to rescue transport defects 
caused by MCU knockdown. Altogether, this body of work explores multiple aspects of mitochondrial 
transport in axons, and reveals levels of complexity not previously described. 
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Chapter 1: 
Introduction 
2 
In mammals, the nervous system is the collection of cells and organs responsible for muscle 
coordination, sensory processing, memory, and higher-level decision-making. This system is divided into 
two main components: the peripheral nervous system (PNS) and the central nervous system (CNS). The 
PNS is responsible for sensing and transferring information to and from the sensory organs and the 
muscles to the CNS. This system consists of very long neurons, up to a meter in length in humans, which 
transmits information to and from the farthest points of the mammalian body. The CNS, in turn, consists 
of the brain and its various components, and is responsible for psychological memory, as well as 
coordinating a physical response to stimuli obtained through the senses. Both versions of the nervous 
system consist of neurons, cells that conduct and transmit neurological signals, and glial cells, which 
support and protect neurons. While the role of glial cells in neurological function is rapidly growing in 
significance(1), neurons are largely considered the primary components of neurological signaling. These 
cells typically possess a quintessential bipolar architecture; axons, a very long and branched cytoplasmic 
extension which can be several thousand times longer than the cell body, transmit a neurological signal to 
another neuron’s dendrites, which consist of multiple short extensions from the cell body, through a 
connection known as a synapse. This area of proximity is the primary location of neuron-to-neuron 
communication, coordinating the release and acceptance of neurotransmitters from the axon to the 
dendrite. Release of neurotransmitters is electrochemical in nature; under normal conditions, axons 
maintain an action potential through active transport pumping of sodium ions outside the axon, creating a 
charged membrane potential. The release of this action potential results in a cascading signal that travels 
down the axon, leading to the release of neurotransmitters at the synapse. Connections between neurons 
form neuronal circuits, which act as the primary form of information transmittance within the nervous 
system, as well as communicate with other cells such as muscular tissue. 
Neurons are reliant on mitochondrial function 
Maintaining and restoring action potentials, in addition to other neuronal functions, is an energy 
intensive process. Consequentially, the human brain uses approximately 20-50% of the total oxygen 
consumed by a human (depending on age), despite only consisting of 2-3% of the total weight(2). 
Glucose directly absorbed from the bloodstream is the primary source of neuronal energy production, as 
neither fatty acid oxidation nor glycogen-derived glucose are present in neuronal tissue(3). In neurons, 
energy is primarily metabolized through oxidative phosphorylation rather than glycolysis, through a 
transport mechanism known as the astrocyte-neuron lactate shuttle(4). This concept states that glial cells 
provide energy through the shuttling of lactate to active neurons, a derivative of glycolysis, which can be 
converted to pyruvate and shunted into the TCA cycle(5). The neurotransmitter glutamate stimulates the 
intake of glucose into astrocytes, which is metabolized through aerobic glycolysis into lactate and 
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exported to neurons(5). This concept links neuronal signaling to energy production through axonal 
mitochondria. In addition, GLUT1, a glucose receptor found on astrocyte-blood vessel interactions, is 
stimulated by glutamate, showing that astrocytes have a preferential affinity for glucose under neuron 
stimulating conditions(6). Furthermore, mitochondrial activity is limited in glial cells due to the 
repression of the aspartate/glutamate carrier, which suppresses complete glucose or lactate oxidation in 
mitochondria(7), emphasizing glial cell dependence on glycolysis-derived ATP for their own cellular 
functions, rather than other sources. In contrast, glutamate reversibly inhibits the import of glucose into 
neurons(8), forcing the majority of the energy supporting neuronal signaling to be produced through 
oxidative phosphorylation.  
However, the presence of this shuttle does not exclude glycolysis or glucose processing from 
neurons altogether, as this process does still occur in typical neurons(9). In particular, glycolytic 
processes have been found to be specifically critical in the transport of synaptic vesicles. A report found 
that this form of transport is fueled through glycolysis enzymes, such as glyceraldehyde-3-phosphate 
dehydrogenase, which are directly attached to the vesicle membrane(10). In addition, synaptic vesicles by 
themselves have been found to be solely sufficient for axonal transport, without any outside input(11). 
This process likely exists in order to provide a direct source of ATP for motor proteins as they promote 
microtubule-based travel, without reliance on the distribution of mitochondria. Thus, neurons are 
specifically dependent on mitochondria for transmittance of neuronal signaling. 
Transport of axon-based components is reliant on cytoskeletal components 
To maintain the high levels of mitochondria and other components in axons, a coordinated 
transport system must exist. Axons are a constantly growing and changing cellular process; responses to 
different neuronal stimuli require the formation of new synapses and neural circuits, which are remodeled 
through axonal growth by biochemical signaling from neurogenic factors. To facilitate this process, 
neuronal components must be transported both anterograde and retrograde through the axon(12, 13), in 
support of general neuronal health and maintenance. In general, anterograde movement represents 
components traveling from the cell body to the axonal terminals. Retrograde movement, in turn, brings 
components back to the cell body, typically for processing by aspects of the cell that do not exist in the 
axon. The transported components involved include soma produced vesicles and proteins, mRNA, and 
organelles such as mitochondria. Movement is typically is mediated by tubulin-based transport motors. 
Microtubulin is a cytoskeletal component found in all cells, which is able to act as both a structural 
feature, as well as a platform for movement of components throughout a cell. Microtubules are polarized 
due to their method of assembly, and thus have a “plus” and a “minus” end. This gives these components 
directionality, and allows transport motors to travel in a specific direction in accordance with the direction 
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of the microtubule. Microtubules in most cell types are dynamic in nature, simultaneously assembled at 
the plus end and disassembled at the minus end. However, axons possess a microtubule stabilizing protein 
called Tau, which prevents microtubules from being disassembled(14). This provides a stable platform for 
mitochondria and other axonal components to travel, as well as maintaining the rigid structure required 
for axon stability. 
Microtubule-based transport motors are typically divided into two categories: kinesins, and 
dyneins. Both motors are large complexes with a distinct shape that facilitates movement of components 
throughout the cell. Between the two general motor types, kinesin is considered to have the greater 
variety, consisting of 14 different families, classified by their morphology and general evolutionary 
background(15). The morphological structure of kinesin is a multimeric structure consisting of a heavy 
chain and a light chain. The kinesin dimeric heavy chain consists of a globular head and stalk formation, 
which promotes movement and binds to the light chain, respectively. The light chain, in turn, binds to the 
cargo to be transported. For transport to occur, the “head” portion of the heavy chain acts as two “feet”, 
which undergo a hand over hand motion to move the target forward in an ATP-dependent manner(16, 17). 
In general, kinesins transport cargo in a negative to positive direction along microtubules, although rare 
exceptions do exist(18, 19). Conversely, dyneins transport cargo from the positive microtubule end to the 
negative. Unlike kinesins, dyneins also consist of only two primary classifications: axonemal dyneins, 
which are primarily responsible for the motion of cilia(20), and cytoplasmic dynein, which guides the 
transport of a variety of different cargo such as organelles and other vesicles. These motors are 
significantly larger than kinesins, at 1.5 megadaltons compared to the 380 kilodalton kinesin. Similar to 
kinesin, dynein consists of dimeric heavy chains with globular head and stalks which bind to 
microtubules and facilitate movement, as well as intermediate chains that bind to cargo. In addition, the 
protein dynactin is an intermediary between dynein and the cargo, and regulates dynein ATPase activity 
and microtubule interaction(21). Together, these two proteins are the primary source of microtubule-
based transport in eukaryotic cells. 
 Besides microtubule-based transport, actin transport has also been found to play an understated 
role in the transport and mobility of axonal components. Actin is another filamental cytoskeleton 
component, typically found close to membrane structures, that is associated with whole cell movement, as 
well as a host of other cellular functions. In mature axons, actin typically plays a more structural role, in 
support of the structure of neuronal signaling proteins. Super resolution imaging has found that actin 
forms a periodic ring structure around the axonal circumference, forming a scaffolding structure that is 
associated with sodium channel distribution(22). In addition to a structural function, actin is also a 
platform for transport. This function is facilitated by myosins, a class of motor proteins characterized by 
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an actin-binding motor domain, coiled coil domain, and a globular tail region that binds to cargo(23). Due 
to the nature of the axoplasmic actin skeleton, myosin is primarily used for minor local transport of 
axonal components to membranes(24). Indeed, previous results have found myosin protein associated 
with synaptic vesicles located in the synaptic terminal, which in turn facilitates short-distance transport of 
these vesicles to the membrane(25). For mitochondria, actin interactions have found to be associated with 
membrane docking, rather than transport, in axons. NGF-induced accumulation of mitochondria in axons 
was found to be dependent on the presence of actin to stop mitochondria transport(26). In addition, 
another report has shown that depletion of myosin V in drosophila melanogaster significantly increased 
mitochondrial axon transport in all directions, while depletion of myosin IV selectively increases 
retrograde movement(27). Thus, in axons, actin appears to act as both an anchor, opposing microtubule-
based transport, as well as a minor positioning component. 
Mitochondria are a vital component of axon function and survival 
The astrocyte-neuron lactate shuttle places an additional burden of function on mitochondria, the 
“powerhouse” of the cell and location of both the TCA cycle and oxidative phosphorylation. While 
mitochondria are essential for most eukaryotic cells, the unique morphology and needs of neurons result a 
highly coordinated system of transport and regulation not present in other tissues. As a result, 
abnormalities in mitochondrial function and morphology often manifest themselves as neurological 
diseases. For example, Parkinson’s disease can occur when components of the mitochondrial maintenance 
pathway are genetically defective(28, 29), preventing dysfunctional mitochondrial from being removed 
from the general organelle population and increasing the level of reactive oxygen species (ROS) in the 
cell. Dopaminergic neurons are particularly vulnerable to this type of stress, which results in the death of 
dopaminergic neurons and the symptoms typically observed in this disease. Other known neurological 
diseases associated with mitochondrial defects include Charcot-Marie-Tooth disease(30), Alzheimer’s 
disease(31), Multiple Sclerosis(32), and Schizophrenia(33). While some of the mitochondrial disease 
phenotypes may be secondary effects from other sources, it is clear that mitochondrial physiology is an 
important indicator for the health of neural tissue. 
Mitochondrial transport: tools of the trade 
 Considering the importance of mitochondrial transport on neuronal health, the study of this field 
has required the development of specific tools to understand the mechanisms behind this phenomenon. 
While most of the typical tools of molecular biology may be used to study mitochondria, the primary 
method for analysis of mitochondrial movement in neurons is live-cell fluorescent microscopy. 
Fluorescent microscopy is the practice of observing a substrate through a microscope that will absorb a 
specific wavelength of light, such as blue light, and convert it into another wavelength, such as green 
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light. Observation of only the emitted wavelength allows for a high signal to noise ratio, as there would 
typically not be any other emitter of that wavelength aside from the substrate present within the cell. 
Thus, we may observe only organelles tagged with a fluorescent substrate as they travel through the axon 
in a live cell culture. To mark mitochondria specifically, a mitochondria-specific fluorescent dye(34), or a 
fluorescent protein fused to a mitochondrial targeting sequence(35), is used. A variety of fluorescent dyes, 
such as the mito-tracker line(36) have been developed, which are molecularly small fluorescent molecules 
that localize to mitochondria through affinity to potentiated membranes. While these dyes are easy to 
apply and use, they often suffer from issues such as quick photobleaching, and inefficient signal to noise 
ratio. In contrast, mitochondria localized fluorescent proteins such as green fluorescent protein (GFP) 
provides a high signal to noise ratio. Mitochondrial matrix proteins typically have an N-terminal 
mitochondria targeting sequence (MTS) that guides localization of the protein to mitochondria, and is 
subsequently cleaved from the protein(37). Attaching this sequence to a fluorescent protein will result in 
localization to mitochondria. While this method is preferred for its specificity, it is typically a more 
involved process compared to dyes, and requires transfection of a plasmid vector containing the protein’s 
DNA sequence to the cells prior to the experiment. 
 To observe mitochondrial movement in axons, an experimenter will typically use a neuronal cell 
culture, add the method of mitochondrial observation as well as the factor that is to be studied, and follow 
mitochondrial movement over a period of time to look for differences compared to a control. Small 
portions of the axon are observed, and the results are extrapolated to the entire axon. However, while the 
assumption that mitochondrial movement is homogenous throughout the axon is necessary for high-
resolution imaging, it is not a facet of transport that has been explored, and discrepancies within the field 
(38, 39) may be the result of this issue. 
Mitochondrial Transport and the Role of Miro1 
While there are multiple proteins involved in mitochondrial transport(40), the proteins Miro1 and 
2 (MItochondrial RhO) have proven to be the primary regulators of this process(41, 42). Miro was 
discovered through an analysis of the effect Rho proteins, or proteins containing GTPase domains, have 
on mitochondria. Miro1 and Miro2 were two Rho proteins that localized to mitochondria, and were found 
to play a role in mitochondrial homeostasis and morphology(43). Later reports using drosophila(44) and 
mammalian(45) cells revealed that the Miro proteins are essential components for mitochondrial 
transport, and act as regulators. These proteins are anchored to the outer mitochondrial membrane by a 
single transmembrane domain(45), and contain two EF-hands, or domains that bind to calcium(46), as 
well as two non-canonical EF-hands discovered through x-ray crystallography analysis(47). The presence 
of EF-hands suggested that, if mitochondrial transport is regulated via Miro proteins, then calcium is 
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likely the primary regulator for mitochondrial transport. Several studies have confirmed this concept, 
showing that increased levels of cytoplasmic calcium will halt mitochondrial movement in cell bodies, as 
well as axons(42, 48-51). Mutation of these EF-hands provides resistance to calcium-induced pausing in 
mitochondrial movement(51), showing that these domains are essential for regulation of transport. 
Interestingly, while Miro1 is known to be present in dendrites, and knockout of this gene significantly 
affects dendritic morphology(39), a study has shown that mitochondrial movement in dendrites is not 
affected by calcium transients in mature retinal neurons(52), showing that this neuronal component may 
include a more intricate method of movement regulation. 
Miro regulates mitochondrial transport through its interaction with tubulin-based motors(50, 51, 
53). In the case of mitochondria, the kinesin KIF5b is the motor protein responsible for mitochondrial 
anterograde transport(54), while dynein will bind to mitochondria for retrograde transport. Both of these 
motors have been found to interact with Miro1 indirectly through TRAK1 or TRAK2 (Milton in 
Drosophila melanogaster)(55, 56). The TRAK proteins are adaptors for the respective motor proteins, 
and are essential for mitochondrial transport(55). TRAK1 and TRAK2 are also responsible for the 
compartmentalization between dendrites and axons; while TRAK1 is primarily found in axons, TRAK2 
directs mitochondrial traffic to dendrites(56). Regardless, the majority of studies are in agreement with 
Miro’s general relationship with transport regulation: calcium interacts with Miro’s EF hands, causing a 
conformational change that halts transport (Fig. 1.1 A-C). However, there are two diverging models 
regarding how this regulatory effect occurs. The first model suggests that, upon exposure of high calcium, 
the motor completely disassociates from the complex (Fig. 1.1B)(51). This was initially found through 
direct co-immunoprecipitation of KIF5 with Miro1; logarithmic additions of calcium to brain 
homogenates found that the association of KIF5 and Miro1 was negatively regulated by calcium(51). 
Following this motor displacement, the mitochondria stabilizing protein syntaphilin(57) binds to 
mitochondria and displaces TRAK from kinesin, halting movement and anchoring mitochondria to the 
microtubule(54). Another model suggests that Miro causes the kinesin motor to dissociate from the 
microtubule, while remaining attached to TRAK like a piece of airplane landing gear (Fig. 1.1C)(50). It 
was found that kinesin remains bound to mitochondria regardless of the local calcium concentrations, 
through an in vitro experiment involving stabilized microtubules. Under calcium-free conditions, Miro1 
will precipitate with microtubules, while addition of calcium will free Miro1 to the supernatant(50). This 
result is in contrast with previous results showing calcium-dependent interaction with a motor 
protein(51). In terms of which is the correct interpretation, the presence of a specific interaction with the 
anchor protein synaptophilin leans towards a reversible interaction between Miro1 and motor proteins, at 
least in axons(54). Synaptophilin is found in axons but not dendrites, and knockout of this gene has been 
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found to enhance the quantity of moving mitochondria in axons(57). This protein binds to both 
microtubules and mitochondria, and preferentially localizes mitochondria close to presynaptic 
terminals(54). Previous results showing complete dissociation of the kinesin were performed using 
dendritic mitochondria(51), which do not possess syntaphilin(57), leading to incompatibility of results. 
However, while these results are applicable to axonal mitochondria, its exclusivity in the axon suggests 
that there are multiple branching pathways regulating the presence of motors on mitochondria. In 
addition, a reversible dissociation of Miro with motor proteins frees the protein to participate in some of 
the other functions attributed to it. 
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  Figure 1.1 Miro1 regulates microtubule-based mitochondrial transport through local calcium 
concentrations. (A) Under low calcium conditions, Miro1 promotes mitochondrial movement. For 
anterograde axonal movement, as shown  here, Miro1 binds to the trafficking protein TRAK1, which 
in turn binds to kinesin5b, the motor protein responsible for (-) to (+) movement along microtubules.  
For retrograde movement, kinesin is replaced dynein, which is responsible for (+) to (-) movement. 
For dendrites, TRAK1 is replaced by TRAK2, which binds primarily to dynein. (B + C) 
Mitochondrial movement is regulated through calcium. Two models exist for regulation of 
mitochondrial movement by Miro proteins. In (B), Calcium interaction with Miro1 still halts 
movement, but causes the motor protein to completely detach from both the mitochondrion and the 
microtubule. An addendum to this model is the addition of Syntaphilin, a protein that was found to 
bind to both kinesin and mitochondria, and acts as a mitochondrial anchor to the microtubule. In an 
alternative model (C), Calcium interacts with Miro1, causing the motor protein to detach from the 
microtubule and halt movement. However, the kinesin remains attached to the mitochondrion, bound 
to Miro1.  Figure constructed from components found in the Servier Medical Art powerpoint image 
bank. 
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Alternative functions of Miro1 
 Besides motor control, Miro1 has also been found to play a role in mitochondrial interactions 
with the endoplasmic reticulum (ER), through functional analysis of its yeast homolog Gem1. 
Mitochondria and ER are thought to interaction through ER-mitochondria encounter structures (ERMES), 
which may regulate a host of functions, such as exchange of ATP, calcium flux, as well as lipid formation 
of autophagosomes(58). Gem1 was found to associate with proteins in the ERMES through co-affinity 
purification and fluorescent co-localization(59). In mammalian cells, the relationship between the 
ERMES and mitochondria are not as clear, although ER and mitochondrial co-localization will often 
contain Miro1 presence(59). Miro1 also interacts with mitofusin2 (mfn2)(60) in neurons, with has been 
found to negatively regulate ER-mitochondria contact points(61). Mfn2 is a member of the fusion-fission 
pathway of mitochondria with Mfn1, and along with the inner mitochondrial membrane member Opa1, 
facilitate the joining the outer and inner membranes, respectively. Mfn1 has a much higher affinity for 
mitochondrial fusion compared to mfn2, and overexpression of either will increase levels of 
mitochondrial fusion. However, it has been found that mfn2 has an alternative function with ER 
connection, and association with Miro1 suggests that these proteins play a role in mitochondria-ER 
connections. 
 Miro1 is also a target for ubiquination and mitophagy initiation. PINK1, a kinase(28), is actively 
imported into mitochondria under normal conditions through membrane potential-based mechanisms. 
When mitochondrial dysfunction is present, and membrane potential is decreased, PINK1 accumulates in 
the cytoplasm and is free to phosphorylate Parkin(62), an E3 ubiquitin ligase(29), whose phosphorylation 
activates its functions. Parkin is known to preferentially associate with dysfunctional mitochondria, and 
specifically interacts with Miro1(63, 64). Ubiquination induces removal of Miro1 from mitochondria, and 
arrests mitochondrial movement regardless of its location(65). It is important to note that while Miro1 is 
certainly targeted by Parkin, it is not the sole target; bioinformatic analysis suggests that Parkin targets 
multiple outer mitochondrial membrane proteins(66), perhaps in preparation of full mitophagy 
mechanisms. Nevertheless, targeting of Miro1 in axons has an interesting implication regarding axonal 
transport of mitochondria. There has been speculation that full mitochondrial processing and degradation 
occur in the cell body, and that retrograde movement of mitochondria is responsible for bringing 
mitochondria out of the axon and into the cell body(13, 67). However, Parkin’s targeting of Miro1 
suggests that mitophagy occurs in the immediate area that dysfunction occurs, and while it is possible that 
processed portions of mitochondria are transported retrogradely(67), the removal of dysfunctional 
mitochondria from the population occurs in the axon(65). 
Miro1 is critical for neuronal health in vivo 
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 Miro1 knockout mice have shown that this protein to be essential for post-natal survival(38, 39). 
Knockout of Miro1 is lethal; mice die hours after birth, due to underdeveloped lung tissue preventing 
proper respiration(38). Conversely, knockdown of Miro2, the Miro1 paralog, does not affect mouse 
viability(39), suggesting that Miro1 function is indispensable for general health. Selective Miro1 
knockout in motor neurons produces a progressive motor neuron disease phenotype, greatly reducing 
mouse mobility and leading to early lethality. Interestingly, neuronal Miro1 knockout does affect actual 
mitochondrial function, or membrane potential(38); rather, it appears that only distribution is affected. In 
the central nervous system, Miro1 knockout affects dendritic arborization, resulting in shorter dendrites as 
well as a reduced level of mitochondrial density(39). Miro1 knockout also results in slow 
neurodegeneration over time(39). However, examination of mitochondrial transport in the Miro1 
knockout mouse has produced conflicting results. An initial study examining the Miro1 knockout mouse 
phenotype in motor neurons found only a minor change in mitochondrial movement; total number of 
moving mitochondria was not affected, and only a minor reduction in sustained mitochondrial movement 
was observed(38). In addition, only retrograde velocity, and not anterograde velocity, was reduced in 
axons(38). In contrast, another study found a dramatic decreased in total number of moving mitochondria, 
total mitochondrial mobility, and velocity in both anterograde and retrograde directions(39). Miro2, in 
contrast, had only minor effects on total mobility(39). A possible issue with these studies may be the 
method of examination; while axons are extremely long cytoplasmic extensions, only a small portion of 
the axon was examined to obtained the stated results, which may have resulted in bias towards a particular 
outcome. 
Mitochondria have significant affinity and storage capacity for calcium 
Calcium, in addition to being the primary factor in mitochondrial transport regulation, is also a 
regulatory factor for internal mitochondrial functions. Though oxidative phosphorylation is considered 
the primary function of mitochondria, buffering of calcium microspikes into the mitochondrial matrix is 
another critical feature of these organelles, stimulating TCA cycle enzymes and, at persistent high 
concentrations, initiating apoptosis. The presence of significant mitochondrial affinity for calcium uptake 
is a concept identified 50 years prior to the discovery of its proteomic components, through the 
demonstration of calcium influx into extracted liver mitochondria(68, 69). Calcium was also shown to be 
rapidly taken up by rat mitochondria in vivo(70, 71), and calcium’s role in metabolic regulation of 
mitochondria was established by showing that it is responsible for enhancing the activity of α-ketoglutaric 
dehydrogenase and NAD+-isocitric dehydrogenase(72). Uptake of calcium by mitochondria was also 
found to be directly related to respiratory activity(73), though further evidence found that calcium influx 
was not directly linked to ATP production(74), through observations of calcium influx in ATP-synthase 
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unlinked mitochondria. This confirmed that calcium transport is electrophoretic, or charge-induced, 
meaning that maintenance of a membrane potential is what drives calcium import. Thus, the existence of 
a uniporter was established over other forms of influx transport, such as active ion transport or ion 
exchange.(75). Conversely, ion exchange of either sodium or hydrogen ions was found to be required for 
calcium efflux from the mitochondria(76, 77). After these initial discoveries, however, the study of 
mitochondrial calcium influx was impaired(69), due to a confounding paradox regarding the threshold of 
calcium needed to initiate mitochondrial calcium influx. While mitochondria have a large capacity to take 
up exogenous calcium, the amount needed to start the process, around 1 µM exceeded typical cytoplasmic 
calcium concentrations of approximately 200 nM. Only with the introduction of the calcium-indicator tool 
aequorin(78) did focus on mitochondrial calcium capacities come back into focus. This genetically 
encoded calcium indicator was used to discover high calcium microspikes in cells(79), which satisfied the 
requirement for a high ”pulse” of calcium to occur, and promote mitochondrial calcium influx. Discovery 
of this endogenous property of cells renewed interest in mitochondrial calcium influx, leading to the 
discovery of the proteins responsible for this function. 
Molecular identity of the mitochondrial calcium uniplex components 
While there are several channels involved into mitochondrial transport(80, 81), the primary 
regulator is the mitochondrial calcium uniplex, consisting of the primary pore-forming unit, the 
mitochondrial calcium uniporter (MCU), as well as its regulatory components (Fig. 1.2). From previous 
experiments performed decades earlier, MCU was known to have several features: presence in the inner 
mitochondrial membrane, high selectivity for calcium(82), reliance on membrane potential(75), a baseline 
threshold of calcium that needed to be reached prior to calcium influx(83), inhibitory sensitivity to 
Ruthenium Red(84), or its derivative RU360(85), and a stimulatory sensitivity to SB202190(86). 
Interestingly, MCU is also absence in yeast cells(87), providing a useful criterion for its identification in 
other species. To find the true uniporter, MitoCarta, a catalog of mitochondrial proteins established 
through mass spectrometry(88), was used to establish an RNAi screen in mammalian cells. Criteria such 
as affinity to calcium, transmembrane domains, an absence of homologs in yeast, and presence in the 
inner mitochondrial inner membrane, were used to find protein associated with calcium influx. 
Mitochondria calcium uptake 1 (MICU1), an MCU regulator, was first identified using this 
technique(89), followed by two independent studies simultaneously identifying MCU(90, 91). 
 Since the discovery of MCU’s molecular identity, a wealth of data has been established regarding 
the properties of this protein. MCU is present in the inner mitochondrial membrane in a loop 
conformation, anchored by two transmembrane domains(90, 91). Initial confusion regarding the 
orientation of the two termini of MCU, whether they faced the matrix(90) or the intermembrane space(91) 
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was solved using the TEM marker APEX, which demonstrated that both processed termini faced the 
matrix(90, 92). Between the transmembrane domains are ten amino acids that make up the DIME loop, 
which is the primary calcium-conducting domain of MCU, and forms the pore that permits transit of 
calcium into the matrix. Point-mutation analysis has shown that mutations of E257, D261, and E264 are 
all crucial amino acids in this loop for facilitating calcium influx(90, 91), while S259 is responsible for 
RU360 sensitivity(90). Native PAGE analysis has found that MCU exists in a large complex, first 
identified as 480 kDa in size(90), though later results using FPLC analysis place the overall complex at 
over 670 kDa(93). Cryo-TEM and NMR analysis of MCU protein isolated from C. elegans has shown 
that the MCU pore, without any of the other structural components of the uniplex, has a pentameric 
structure(94). For regulatory purposes, MCU’s pentameric structure is also able to integrate the dominant 
negative paralog MCUb(95). MCUb lacks a critical portion of the DIME domain, and integration prevents 
uniporter function and conductivity. In addition, attempts to produce a mouse knockout model of MCU 
has produced an unexpected result; while knockout in a pure C57BL/6 line is lethal, a cross-bred 
knockout mouse from two different genetic backgrounds was able to survive with minimal defects(96). 
 Prior to MCU’s discovery, the first regulatory component, MICU1, was identified(89). MICU1 is 
an EF-hand containing protein was initially found to significantly reduce the amount of calcium entering 
the mitochondrial matrix(89); later, MICU1’s role was further elucidated to be part of a regulatory 
subcomplex, which determines the threshold of calcium required for entry into the mitochondrial 
matrix(97, 98). Typical calcium influx in mitochondria occurs when the normal cytoplasmic calcium 
concentrations of 100-200 nM(69) (Fig. 1.2A) encounters a spike of greater than 1 µM cytoplasmic 
calcium(96) (Fig. 1.2B), and this subcomplex changes conformation to allow calcium to pass through 
MCU(97). Knockdown of MICU1 eliminates this threshold, and allow calcium concentrations less than 
500 nm to pass through MCU to the mitochondrial matrix(97). Initial analysis of MICU1 topology 
suggested that it possessed a single transmembrane domain, and existed within the inner mitochondrial 
membrane(89). Later studies found that this putative transmembrane domain actually binds to the small 
10 kDa protein EMRE(99) in the intermembrane space(100, 101), which in turn binds to MCU. MICU1 is 
thought to interact with MCU’s DIME loop through its N-terminal polybasic domain(102). In addition, 
MICU2, a paralog of MICU1(103), binds to MICU1 to play a non-redundant role in regulation of MCU’s 
threshold(104). This dimerization is induced through the oxidoreductase Mia40, which induces a disulfide 
bond between these two proteins(101).  While MICU2’s primary sequence is 42% similar to 
MICU1(105), reports have found that these protein display opposing effects upon MCU regulation(105, 
106). Experiments using MCU and MICU proteins integrated into an artificial planar membrane found 
that, under low calcium conditions, MICU2 has a dominant negative effect on calcium intake(105). 
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MCU-stimulating calcium levels simultaneously removes MICU2’s regulatory effect while stimulating 
MICU1, inducing calcium flow through MCU into the matrix(104, 105). In addition, while MICU1/2 
sense calcium in the intermembrane space, the previously mentioned EMRE(99) has been found to act as 
a sensor for matrix calcium through its acidic C-terminal domain(98). This domain is able to bind to 
calcium in the matrix, and forces the uniporter open when matrix calcium is below 50 nM(98). Together, 
these three proteins work to regulate the precise levels of calcium that are able to enter the mitochondrial 
matrix, under specific conditions. However, it is interesting to note that there is another MICU paralog, 
named MICU3, which has been found to primarily localize to nervous tissue(103), has been entirely 
uncharacterized. It will be interesting to identify a neuron-specific role of this protein in future work. 
 A final component of the uniplex is CCDC90A, or MCU Regulator 1 (MCUR1). MCUR1 was 
found by using an RNAi screen to determine integral inner mitochondrial membrane proteins, besides 
MCU and MICU1/2, that would affect mitochondrial response to ionomycin-induced increases in 
cytoplasmic calcium(107). MCUR1 was found to interact with MCU through co-immunoprecipitation, 
and its knockdown had a significant effect on mitochondrial calcium influx as well as cellular energetics, 
lowering ATP synthesis(107), but not affecting localization of MCU. The latter claims resulted in 
controversy regarding this protein; another report directly challenging the validity of MCUR1’s role in 
MCU regulation was published after its initial characterization(108). In this study, MCUR1 was found to 
be associated with cytochrome oxidase (COX) complex assembly, which is a part of the electron transport 
chain, and not the mitochondrial calcium uniplex. Knockdown of MCUR1 leads to a high turnover rate of 
several COX components, which was claimed to lead to the bioenergetics decrease seen in the previous 
study, and the decrease in calcium influx. MCUR1 also possesses a homolog, called fmp32, in yeast, an 
organism that does not express MCU. Knockout of this protein does not affect mitochondrial calcium 
influx, showing that it is not a part of the overall calcium influx mechanism(108). In addition, a study 
using affinity purification mass spectrometry was unable to identify MCUR1 as a component of MCU, 
while being able to identify all other known components of the uniplex(99). The authors of the original 
study have addressed this controversy through additional biochemical experiments showing MCU’s 
interaction and dependence on MCUR1 for complex assembly(109). MCUR1 appears to acts as a 
scaffolding factor for the uniplex; FPLC analysis found that knockdown of MCUR1 led to a greater 
increase in monomeric MCU, while overexpression enhanced formation of the full uniplex(93). Domain 
mapping demonstrated that the coiled-coil domains present in both MCU and MCUR1 are responsible for 
interaction between these two proteins(93). However, this report does not explain the role MCUR1 may 
play in COX assembly(108), and its role in energetics is still not fully explained. More work is required to 
understand MCUR1’s complete role in the uniplex. 
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Physiological role of the mitochondrial calcium uniplex 
 The mitochondrial calcium uniplex has also proven to have significant, if complicated, in vivo 
effects. Knockdown of MCU in mice, despite the well-catalogued role of this protein in mitochondrial 
function, produced almost no physiological effects(96). Mice were healthy, and exhibited typical mouse 
lifespans. Several minor defects were observed, such as lower overall body size, an increase in pyruvate 
dehydrogenase phosphorylation that results in lowered ATP synthesis, and a decrease in strenuous 
activity capability. However, an intriguing aspect of this mouse model was that it was required to be 
constructed in a hybrid mouse line of C57BL/6 and CD1, as the authors found that knockout of MCU in 
the inbred C57BL/6 line was embryonic lethal(96, 110). In addition, the MCU knockout strain was not 
produced in a normal Mendelian ratio(96), which suggests that there is significant genetic remodeling 
occurring to compensate the lack of MCU. This concept was further confirmed through the in vivo 
expression of a dominant negative form of MCU (DN-MCU), which was found to induce a significant 
change in expression of 636 genes in cardiac tissue(111). Inhibition of MCU function through the 
expression of DN-MCU also increased oxygen consumption without affecting mitochondrial morphology, 
suggesting that various mitochondrial functions are remodeled to compensate for the lack of MCU 
function(111). 
 MICU1 knockout models provide further evidence for extensive genetic remodeling caused by 
long-term uniplex inhibition(112, 113). Contrary to the previously described MCU knockout mouse, 
removal of MICU1 from the uniplex significantly reduced mouse viability. The small quantities of 
offspring that survive show significant deficiencies in body weight, cerebellar innervation, muscle mass, 
and overall mitochondrial calcium influx. However, if the knockout mouse survives, the overall 
deficiencies decrease throughout maturity, until the mouse is nearly indistinguishable from equivalent 
wild type. This surprising recovery was found to be due to a decrease in EMRE levels, a result that was 
confirmed through an increase in survival of MICU knockout mice when coupled with a heterozygous 
EMRE knockout mouse. A separate study(112) was not able to produce any living pups, and found that 
death typically occurred shortly following birth. Interestingly, liver-specific knockout in an adult mouse 
did not produce any changes in overall gene expression, showing that a long period of time is required for 
genetic remodeling(112). MICU1 mutations have also been recorded in human cases that produce chronic 
lethargy and learning defects(114), which suggests that uniplex mutations may be the cause of hitherto 
unknown heritable diseases associated with these symptoms. 
Other proteins related to mitochondrial calcium flux are vital for cellular viability 
 Besides the uniplex, there are two additional calcium-based transport mechanisms in 
mitochondria: LetM1, the Ca2+/H+ antiporter(115), and NCLX, the Ca2+/Na+ exchanger(116). LETM1 was 
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initially discovered as the primary cause for Wolf-Hirschhorn Syndrome (WHS)(117), a disease 
characterized by severe physical and neurological deficits. It possesses two EF-hands(117), is found in the 
inner mitochondrial membrane(115), and plays a role in regulating mitochondrial bioenergetics(80, 115). 
LetM1 is active at calcium concentrations less than 1 µM, while at greater calcium concentration levels is 
overwhelmed by MCU activity. Interestingly, LetM1 is not unidirectional; under high calcium 
concentrations, LetM1 will export calcium in exchange for H+, raising the pH of the matrix, while MCU 
becomes the major calcium import mechanism(115). LetM1 appears to be the primary cause of WHS; 
complete knockout of this gene results in early embryonic death, and heterozygous expression presents 
many of the same symptoms, such as a high rate of seizures(80). LetM1 ability to work in either direction 
appears necessary for mitochondria to maintain membrane potential homeostasis; neural tissue, which has 
a strong dependence on mitochondrial oxidative phosphorylation over other tissue types, have 
significantly reduced ATP production when this protein is absent(80). 
NCLX, in contrast, is the primary mechanism by which calcium is exported from mitochondria. 
NCLX is present in the inner mitochondrial membrane, and silencing results in a significant decrease in 
calcium efflux under high Na+ conditions. Like MCU, it’s role in calcium flux in mitochondria was 
understood well before its molecular identity was identified; in 1974, experiments with rat heart 
mitochondria found that introduction of sodium led to a decrease in calcium uptake, signaling that 
calcium was likely being exported by an unidentified exchanger(76). NCLX was later identified as a 
single protein in mitochondria, responsible for calcium efflux(116, 118). A recent study found that 
conditional tamoxifen-induced knockout of NCLX in adult mice resulted in death with 2 weeks of 
deletion induction, caused by overloading of calcium in cardiac tissue(81). Thus, while calcium influx is 
dispensable, efflux is essential for mitochondrial maintenance and survival(81). 
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  Figure 1.2 Mechanism of the Mitochondrial calcium uniplex, and import of calcium into the 
mitochondrial matrix. In normal mitochondria, the mitochondrial calcium uniporter is assembled 
into the inner mitochondrial membrane (IMM) along with its regulatory factors MICU1/2 and 
EMRE, and scaffolding factor MCUR12. (A) Under basal (~300 nM) calcium concentrations, MCU 
is in a closed state through the action of MICU1/2. LETM1, the Ca
2+
/H
+
 exchanger allows low-level 
quantities of calcium to enter the matrix, while the Ca
2+
/Na
+
 exchanger NCLX allows for calcium 
export from the matrix. (B) When high ( > 1 µM) calcium levels are present, calcium binds to the 
EF-hands of MICU1/2 and releases MCU activity, allowing fast transport of calcium into the matrix. 
The binding of calcium to Miro1, which has been previously established to be a transport regulator, 
is also required for proper function of MCU, though the mechanism behind this requirement is 
unknown. Figure constructed from components found in the Servier Medical Art powerpoint image 
bank. 
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The role of the MCU in neuronal mitochondrial transport 
 Mitochondria, through MCU calcium buffering, play an important role in scavenging excess 
calcium calcium from presynaptic terminals, preventing overload in these areas(119). However, while this 
is the primary role of MCU, it is not the only function of this complex in axons. Our previous work found 
that the internal calcium concentration of a mitochondrion, regulated by MCU, plays a significant role in 
mitochondrial transport in axons(48). First, we found that matrix calcium and velocity are inversely 
correlated, and stationary mitochondria have significantly higher calcium compared to mobile 
mitochondria. This implies that the internal state of the mitochondrion plays a role in its transportation, 
besides that of only Miro1’s role in calcium-mediated movement. While calcimycin-induced calcium 
spikes ablate mitochondrial movement in axons, RU360 was found to produce resistance to calcium-
induced movement arrest. RU360 is a well-known calcium uniporter blocker, and its role in providing 
resistance to movement arrest suggests that MCU activation is involved in this function. SB202190, a 
drug that is known to activate the uniporter, also proved sufficient to halt mitochondrial movement 
without affecting cytoplasmic calcium concentrations. Overexpression of a calcium-null form of Miro1 in 
the presence of calcimycin provided some resistance to movement arrest, but did not provide any 
resistance towards SB202190 effects, showing that MCU’s role in mitochondrial movement is upstream 
of Miro1. In addition, overexpression of the same calcium null Miro1 reduced the quantity of calcium 
entering into mitochondria in both cell bodies and axons, showing that Miro1 plays a role in calcium 
influx. This concept has been repeated by other studies(119), showing that Miro1 is responsible for 
mitochondrial placement at synapses to scale synaptic response to calcium signaling, and can control 
calcium influx into the matrix. 
 However, this previous work still leaves several questions unanswered. For example, while it is 
clear from our results and others that Miro1 plays an important role in calcium influx, but the reason and 
mechanism behind this role is largely unknown. Relationships between the inner and outer mitochondrial 
membrane are rare, and to date only the TIM23 complex(120, 121), a component of the inner 
mitochondrial membrane import machinery, has been found to do so. As mounting evidence suggests that 
inner calcium concentrations and movement are related subjects, work towards investigating a united 
molecular mechanism for mitochondrial movement should be performed to better understand this 
underlying regulatory system. 
Objectives of this dissertation 
 The purpose of this body of work is to expand on the role calcium flux plays in mitochondrial 
movement in axons, through a thorough examination of mitochondrial movement in axons. Our approach 
is two-fold: first, we explore the large-scale dynamics of mitochondria as they travel through the axon. 
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Mitochondrial movement through axons has been observed and categorized for many years. However, 
while mitochondria have been shown to be rapidly transported both retrograde and anterograde relative to 
the soma, most studies that examine movement and other axonal mitochondrial features have only studied 
these phenomena by using fluorescent microscopy, in small segments of axons. As previously stated, 
axons can be extremely long and branched, and thus conclusions made regarding whole axons are based 
off of observations on small sections, while can and has led to improper conclusions regarding axonal 
mitochondria. This is illustrated by the conflicting role of Miro1 in mitochondrial movement, as revealed 
through examination of Miro1 knockout mice(38, 39) Thus, our first objective was to develop a new 
method to examine mitochondrial movement as they travel through the axon, to prevent any 
misinterpretation of results. To accomplish this, we used the photoswitchable protein dendra2, localized 
to mitochondria, to track individual mitochondria as they travel anterograde and retrograde through the 
axon. This allowed us to characterize and model mitochondrial velocity, as well as other aspects of axonal 
mitochondria. 
 Our next objective seeks to examine the molecular nature of mitochondrial movement, and how 
the components of the mitochondrial matrix may play in the overall regulation of axon mitochondrial 
movement. Previous literature has focused on the role of cytoplasmic calcium concentrations for 
regulation of mitochondrial movement. However, this concept neglects the idea that the internal state of 
mitochondrial also plays a role in movement regulation. Our previous results demonstrated that function 
of MCU components are involved in transport(48). In addition, Miro1 was found to have a negative 
regulatory effect on calcium influx into the matrix, showing that mitochondrial movement and calcium 
influx are a single, unified complex, rather than separate entities that use the same signal(48). Here, our 
work focuses on further characterizing the molecular mechanism behind MCU’s role in mitochondrial 
movement, and its molecular interaction with Miro1. Altogether, our work has shown that calcium influx 
and mitochondrial transport, rather than being related but unlinked functions, work together in a single 
unified pathway. 
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Chapter 2: 
Large-scale analysis of mitochondrial 
movement in axons 
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Abstract 
Mitochondria are distributed throughout axons to provide local energy production through 
oxidative phosphorylation, and assist in buffering local calcium micro-spikes. To reach their needed 
location, mitochondria move in both anterograde and retrograde directions in relation to the soma. While 
many aspects and regulatory elements of this transport have been previously characterized, significant 
fundamental characteristics have been left unexplored, due to issues regarding resolution vs. scale. The 
extremely long lengths and branches of hippocampal axons, as well as the large number of moving 
mitochondria, make it difficult to track individual traveling mitochondria without greatly restricting the 
field of view. Thus, most previous studies have only studied mitochondrial movement at high resolution, 
at the cost of observing only a small random portion of the axon length. 
In this chapter, we have created a new method to explore fundamental aspects of mitochondrial 
distribution and dynamics by using the photoswitchable protein Dendra2 to mark individual 
mitochondria, and track their movement patterns as they travel through the axon. Dendra2 is a green to 
red UV sensitive fluorescent protein that, when localized to the mitochondrial matrix, allows us to track 
mitochondria using a low-resolution high field of view objective. Using this technique, we were able to 
compare fundamental aspects of mitochondrial movement and dynamics within normal mouse axons. 
First, we generated a velocity distribution curve to create a more detailed examination of mitochondrial 
movement of different axonal sections. Using this distribution curve, we derived a formulation of the 
Fokker-Planck equation that fits our velocity distribution curves to create an accurate method to compare 
the effect different conditions play on mitochondrial movement. This formula was used to evaluate the 
effect low-level mitochondrial depolarization has over time, showing that mitochondrial membrane 
potential is essential for maintaining mitochondrial velocity. We also compared normal mitochondrial 
movement in axons to those overexpressing Flag-Parkin, a protein that was previously found to affect 
mitochondrial movement. Our data was able to accurately describe the differences between wild type and 
Flag-Parkin mitochondrial velocity, showing that our equation is a useful tool for studying mitochondrial 
movement. In addition, we investigated large-scale mitochondrial dynamics and destination in axons, and 
the role directionality plays in this feature. Anterograde mitochondria, or those leaving the soma, are able 
to reach the ends of the axons without issue. Retrogradely moving mitochondria, however, are unable to 
reach the cell body within the time-lapse period, and instead stop and fuse with already present stationary 
mitochondria.  Together, our study of the fundamental aspects of large-scale mitochondrial dynamics has 
provided a useful groundwork to examine important aspects that affect the distribution of these 
organelles. 
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Introduction 
The well-characterized polar structure of neurons consists of multiple dendrites, used to accept 
neurological signals, and a single axon, which transmits signals away from the soma. While typically only 
one axon exists per cell, this extension can be extremely long, and have many branch points that target 
multiple other cells simultaneously. This requires a certain independence from functions in the soma, 
allowing functions such as local protein synthesis to occur without direct support from the soma. Indeed, 
the axon possesses many of the normal cytoplasmic components, such as ER(122), Golgi Apparatus(122), 
cytoskeletal components(14), and organelles such as mitochondria(12).  
Mitochondrial distribution within axons is critical for maintaining the structure of axons(123), 
and disruptions in transport and distribution has been associated with various neurological disorders such 
as Parkinson’s disease(63), Marie-Chargott-Tooth disease(60), and Schizophrenia(33). Many molecular 
aspects involved within mitochondrial distribution have been well defined; calcium is the primary 
regulator of mitochondrial movement through Miro1(49), and traveling mitochondria have been found to 
possess a lower calcium concentration(48). Mitochondria in axons travel along microtubules, and are 
differentially separated from dendrites through the adaptor proteins TRAK1/2(56). However, other 
aspects remain controversial. For example, a common thought is that retrogradely moving mitochondria 
move retrograde relative to the soma in order for mitophagy to occur within the cell body. Retrogradely 
moving mitochondria have been found to have a lower membrane potential(13), and are associated with 
the autophagy marker LC3(67). However, other evidence places these claims in dispute. Parkin, an E3 
ubiquitin ligase that specifically targets mitochondria, has been found to specifically target Miro1, which 
would disable the transport machinery of mitochondria(63). In addition, localized mitophagy has been 
observed in axons(65). Thus, the overall purpose of retrograde movement of mitochondria in axons 
remains undecided. 
Mitochondrial trafficking is a well-documented phenomenon(13, 124-129). However, microscopy 
issues inherent in observing axonal mitochondria hamper the majority of these studies. Mitochondria are 
present in large numbers in mitochondria, and are both stationary and mobile. They frequently travel both 
anterograde and retrograde directions, while stopping fusing, dividing, and reversing direction. To 
accurately track the behavior of individual mitochondria, small portions of axons, typically of lengths 
around 100-200 µm, are used to measure mitochondria dynamics and velocity, and extrapolated to the 
overall length of the axon. However, while this approach has been widely applied, it makes the large 
assumption that mitochondrial transport and dynamics are equivalent throughout the axon. Our initial 
observations clearly show that this is not the case. In our initial examination of mitochondria in a whole 
axon over two hours (Fig. 2.1), we have found that different portions of the axon display vastly different 
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mitochondrial dynamics. Extracting 10 minute and 100 µm portions from our kymograph show sections 
with no movement, high levels of movement, changes in direction, and other different dynamics. Each of 
these kymographs could be improperly used to demonstrate the role of different phenomena on 
mitochondrial movement, and has likely played a role in the conflicting observations seen when 
examining axonal mitochondria. In addition, without observation of the whole axon over time, larger 
concepts, such as the fate of mitochondria as they travel either anterograde or retrograde through the 
axon, remain a matter of speculation. However, the data as shown in figure 2.1 also presents another 
issue; low spatial and temporal resolution creates a chaotic set of data that can be difficult to properly 
analyze and draw conclusions from. In this study(130), we have addressed this obstacle by employing the 
photoswitchable protein Dendra2(131) to properly track mitochondria as they travel through whole axons. 
Dendra2 is a fluorescent protein that can be locally switched from a GFP to an RFP by using targeted 
illumination from a 405 nm laser. Thus, either soma mitochondria or those located in the most distal 
portion of the axon can to photoconverted, and tracked over a large scale. This approach allows us to 
study mitochondria in the context of the entire axon, and eliminate confounding variables caused by 
observing only a small portion of the axon. Using this new method, we were able to fit our data to a 
derivation of the Fokker-Planck, which is able to describe motion of particles (in this case mitochondria) 
as they travel through a system of random forces. This allows us to accurately describe the effects of both 
chemically induced and genetic forms of mitochondrial effect on mitochondrial movement and velocity. 
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Figure 2.1: Example of different zones of mitochondrial transport in a single axon branch. (A) 
The red and green channels from an anterograde-tagged axon branch were combined into a single 
grayscale image, to illustrate the variety of mitochondrial movement in a single axon. Horizontal 
scale bar: 20 µm. Vertical scale bar: 10 minutes. (B) Numbers 1-7 illustrate kymographs of 100 µm 
in length and 10 minutes in duration. Numbers correspond to the boxes on the kymograph in (A). 
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Materials and Methods 
Animals 
Animals were used in accordance with protocols approved by the Animal Care and Use 
Committees of UNIST. C57BL/6 mouse strain was purchased from Hyochang Science (Korea). 
Parkin Cloning 
Parkin was amplified from total brain RNA using Superscript III one step RT-PCR system (Invitrogen) 
into the sigma pFLAG-CMV-6B vector. We used the primer sequences: 5′-
GAGTCAAGCTTGATGATAGTGTTTGTCAGGTTCAAT-3′ and 5′-
CGATCGAATTCCTACACGTCAAACCAGTGATCTCCA-3′. 
Preparation of glass bottom dishes 
Glass bottom dishes were purchased from CellVis (catalog number D35-14-1.5-N). While these 
dishes are pre-sterilized prior to use, we have found that for optimal plating of primary neurons, acid 
etching of the glass prior to culturing is required. To do this, dish bottoms and the lids are separated. 
Dishes are immersed with 1 M HCl at 55°C for a least four hours to overnight, while the lids are 
immersed in 70% EtOH to maintain sterility. The acid solution containing the dishes is allowed to cool on 
the bench top, and was then removed. Dishes were then washed with water three times, again taking care 
that they are not stuck together. Dishes were next washed in 50% EtOH, 70% EtOH, and 100% EtOH for 
30 minute intervals. Dishes were dried in a biosafety cabinet under UV, along with the lids. When dry, 
approximately 150 µl of 50 ng/ml Poly-D-Lysine (PDL) (Sigma) resuspended in water was added. The 
exact quantity added is less important than the entire glass bottom well being completely covered with 
PDL. The dishes are then incubated in a 37°C CO2 cell culture incubator overnight. After incubation, 
dishes are washed once with sterile water, and dried in a biosafety cabinet. Dry dishes can be stored in a 
sterile area, typically the cell culture incubator, for an indefinite amount of time. In addition, we have 
found that these dishes can be reused following their experimental use. To do this, dishes are soaked in 
dilute bleach for several hours, and organic material should be mechanically removed using a kimwipe. 
The dishes are then washed at least 3 times in water, followed by the complete dish preparation method 
described above. 
Primary Hippocampal Cell Culture 
For primary cell culture, pregnant wild type mice are euthanized 18 days past impregnation 
(E18). Prior to euthanization, the following setup should be prepared. Ice should be placed into two 
buckets, and then flattened to produce two cold surfaces to work upon. An ice pack is also placed upon 
the working area of the dissection microscope to create a cold area for dissection. Ice-cold HBSS 
containing calcium and magnesium but no phenol red, at pH 7.2 (Invitrogen), should be added to two 135 
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mm dishes, three 60 mm dishes, and one 15 ml falcon tube under sterile conditions. The petri dishes are 
then separated; one 135 mm dish on one ice bucket, the rest of all the dishes on the other bucket. In 
addition, HBSS without Magnesium or calcium should be added to two 15 ml falcon tube, and left in the 
biosafety cabinet at room temperature. Dissection tools should include blunt tweezers, large scissors, 
small dissection scissors, two sharp straight dissection tweezers, and one sharp curved dissection forceps. 
Ideally, the tools should be autoclaved prior to use; however, we have seen no evidence of contamination 
with or without this step. Instead, following a thorough cleaning, the tools are placed upon a paper towel, 
and then sprayed with 70% EtOH. Another paper towel is placed upon the tools, and this is also sprayed 
with 70% EtOH, sandwiching the tools in a sterile area until it is time for their use. At least 50 ml of 
Tutriation media (DMEM, 10% FBS, 1 % Penicillin/Streptomycin) and 50 ml of neuron maintenance 
media (Neurobasal, 2% B27, 0.25% Glutamax) should be prepared and pre-warmed in a 37°C water bath. 
 For euthanization, the pregnant mouse is placed into a CO2  euthanasia chamber for at least 90 
seconds, ensuring that movement and breathing has stopped prior to removal. It is important to note that 
once the mouse is euthanized, there is only a limited amount of time for the subsequent steps to be 
performed before the neurons lose their viability. The mouse is removed from the chamber, and cervical 
dislocation is performed by holding onto the head and pulling the base of the tail, until a pop in the neck 
is felt. Following this, the mouse is turned over onto its back and sprayed with 70% EtOH. The body 
cavity is opened by pulling the skin taut with the blunt tweezers, and cutting the cavity open with the 
large scissors. The embryos are immediately apparent, and are removed from the mother with the blunt 
tweezers, into the single 135 mm petri dish. The bucket should then be moved into the cell room, or at 
least the location where the full dissection will take place. 
 Before continuing with the rest of the dissection, 0.25% trypsin without EDTA should be added 
to a 37°C water bath for later cell dissociation. The embryos are next removed from their embryonic sac 
using sharp tweezers, and the head is removed from the rest of the body by grabbing a part of the 
embryonic body with tweezers, and cutting just above the neck area. The heads are placed into the second 
135 mm petri dish, with the neck facing down. To remove the brain from the skull casing, first place the 
sharp curved forceps into the eyes of the embryo, to stabilize the head. Next, take the sharp tweezers, and, 
with the two arms squeezed together, pierce the bottom of the brain casing from the side, so the tweezers 
lay directly below the brain, close to the eyes. In one swift motion, the sharp tweezers are slashed through 
the bottom of the casing, freeing the brain from the other components. Pressing the sharp tweezers down 
on the snout of the embryo head will push the brain out of the casing, allowing it to be fully removed. The 
brains are transferred to the 60 mm dishes, typically four brains per dish. For hippocampal dissection, the 
brains are moved to the dissection microscope. The cortices are separated along the hemisphere, and the 
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hippocampi are trimmed out using two sharp tweezers. They are then moved to the last 60 mm dish as 
dissection of multiple hippocampi is occurring, using a 1 ml micropipette.  
Once all dissection is complete, the hippocampi are moved to the falcon tube containing HBSS. 
From this point onward, standard cell culture sterile technique should be used. The hippocampi are 
serially washed using the HBSS without ions. The hippocampi are then added to the pre-warmed trypsin 
and incubated for 15 minutes at 37°C, with gentle agitation every 5 minutes. The hippocampi will take on 
a sticky consistency following the digestion; as such, care should be taken not to separate the cells from 
the clump, as this will significantly lower the final cell count. Hippocampi are washed in 5 ml of 
trituration media twice, and then pipetted up and down in another 5 ml of trituration media until the 
mixture is homogenized. The cell suspension is then passed through a 0.55 mm cell filter to separate any 
cell clumps. The cells are then counted, and plated on previously prepared glass bottom dishes at a 
concentration of 35,000 cells per cm. To plate the cells, a small amount of trituration is placed in the glass 
bottom well, so that the well is fully covered in media. Then appropriate amount of cells are then added to 
the media, and are gently pipetted up and down to ensure that the cells are evenly distributed on the 
coverslip. The dishes are then placed in the incubator in this state for 15 minutes. After this incubation, 
the dish is flooded with an additional 1.5 ml trituration media, to prevent evaporation of the small 
quantity of media. After 2-3 hours, the trituration media is replaced with neuronal maintenance media, 
and the procedure is complete. Half of the maintenance media is replaced every 3-4 days to compensate 
for evaporation over time. 
Transfection 
 Cells were transfected using Lipofectamine 2000 (Invitrogen). For neurons in glass bottom 
dishes, 70% of the maintenance media was removed from the dish, and placed aside for later use. It was 
found that transfections could be scaled up according to how many dishes were to be treated, so for the 
following is per dish. For the transfection media, 2 µg of total plasmid DNA was added to 100 µl 
optimem media, and incubated for 5 minutes at room temperature. During this time, 1 µl Lipofectamine 
2000 was added to 100 µl optimem. After the initial incubation, the DNA and Lipofectamine solutions 
were added to each other, and incubated together at room temperature for 20 minutes. The mixture was 
then added drop-wise to the glass bottom dish, which was then incubated in the cell culture incubator for 
3 hours. At the end of this incubation, the transfection mixture is removed from the dish, and replaced 
with 50% old media and 50% fresh media. For transfection of HEK cells for FLAG-Parkin expression 
evaluation, the same protocol was used, though the transfection media was only added to the maintenance 
media, without any wash step. 
Confocal Microscopy 
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Prior to imaging, neurobasal media was replaced with prewarmed Tyrode's Buffer (135.0 mM 
NaCl, 5.0 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 10.0 mM HEPES, 5.5 mM glucose, pH 7.3). Dishes 
were washed once with the buffer to remove residual Neurobasal media. Cells were imaged using a Zeiss 
LSM 780 confocal microscope, kept at 37°C with an XL incubator for the duration of imaging. Imaging 
was performed using a 25x 0.8 NA LCI water immersion objective, using Zeiss Immersol W oil. This oil 
has the same refractive index as water, and is able to act as a sufficient immersion substitute for water 
without the risk of evaporation. Axons were identified from dendrites by their longer lengths and smooth 
morphology, and lengths of 250 µm or more were used for analysis. After a target cell was identified, 
axons were framed so that the majority of the axon could be imaged within two stitched frames and a 
three level z-stack. Mito-dendra2 was photo-switched using a 405 nm laser at either the soma or the axon 
end, at 3 % laser power for 10 seconds. Cells were then imaged every 15 seconds for 2 hours at 12 bits 
depth. For long-term imaging (16 h), cells were kept in neurobasal media, and cell culture conditions 
(37°C and 5% CO2) were maintained using a stage top incubator. Time lapses were stitched and projected 
using Zeiss ZEN 2011 software. For CCCP addition, 500 µl of Tyrodes buffer with 5 µM CCCP was 
added after 30 minutes of imaging. 
Image Processing and Velocity analysis 
For kymograph generation, Image files were opened using ImageJ software. Axons were traced 
through a time projection by hand by following mitochondrial movement over time with a five pixel wide 
line. Hippocampal axons show multiple branch points in a single cell (Figure 2.2A-C); since 
mitochondria were found to distribute through all potential branches, every branch was taken into account 
during analysis, taking care not to use overlapping regions multiple times. The ImageJ straighten function 
was used on the traced axon lines to produce a straightened time lapse of the axon for analysis. For image 
production, the straightened time lapse was binned maximally to condense the y-dimension to one pixel, 
and the montage function was used to produce kymographs. Following axon tracing, axon length and 
intensities was converted to numerical values using the ImageJ StackReg plugin for further Matlab 
analysis, and derivation of the Fokker Planck Equation. 
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  Figure 2.2: Analysis of different branches in a single axon (A, B) Multiple branches are examined 
to produce a velocity distribution of a single neuron. Overlapping areas were only used once per 
neuron, as shown in (C). Map of different branches examined to obtain a velocity distribution. 
Numerals correspond to those in (A). Scale bars: (A): 30 µm, (B): 20 µm. 
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For simplified velocity analysis, a kymograph was constructed as above, excluding the binning 
step. The resulting kymograph was then used for velocity analysis. To produce the velocity distribution, 
Straight lines were drawn using the ImageJ continuous line tool, saving each line as an ROI of a set 
(Figure 2.3A). Line length could be variable; if a mitochondrion was found to be traveling at the same 
speed for multiple frames, a single line could be drawn for that trace, as this was taken into account in the 
velocity calculation equation (Figure 2.3B). To derive the velocity from the diagonal lines, the following 
equation was used: 
Velocity =  cot −Angle 𝑝𝑖𝑥𝑒𝑙𝑝𝑖𝑥𝑒𝑙 × branch lengthkymograph width 𝑢𝑚𝑝𝑖𝑥𝑒𝑙time lapsekymograph height 𝑠𝑝𝑖𝑥𝑒𝑙  
For traveling time calculation, the following equation was used: Traveling Time =  abs Length× sin Angle 𝑝𝑖𝑥𝑒𝑙𝑝𝑖𝑥𝑒𝑙 × time lapsekymograph height 𝑠𝑝𝑖𝑥𝑒𝑙  
 Traveling time was then rounded to the nearest 15 second mark, to compensate for any 
discrepancies that may occur while manually drawing the kymograph lines. Once the overall velocity and 
traveling times were calculated, the values were transferred to MatLab in a variable sheet named “m”, 
with velocity values in column A and traveling time values in column B. A MatLab script was run (see 
Appendix) and velocity distribution was binned at a rate of 0.1 µm/s, from 0.05 µm/s to 2.05 µm/s. 
35 
 
  
36 
  
Figure 2.3: Analysis of mitochondrial velocity using kymograph trigonometry (A) 
Demonstration of the lines drawn on a kymograph to calculate the velocity distribution of 
mitochondrial movement. (B) Labels of the representative components used to calculate 
mitochondrial velocity from kymograph lines (see methods for exact equations). 
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Derivation of Fokker-Planck Equation 
The velocity of moving mitochondria randomly varies in different axonal environment.  In a 
mathematical sense, it becomes a stochastic quantity, which can be represented by a probability 
distribution (or probability density due to continuity of the velocity).  We defined a distribution density 
W(v,t), where v is velocity and t is time.  Then the equation of motion of W(v,t) can be expressed as 
follows: 
   (2.1) 
where f and g are functions of velocity.  The Eq.(2.1) is known to be the Fokker-Planck equation(132).  
Note W is used instead W(v,t) hereafter.  As tà∞, W becomes stationary within the boundary condition 
of v as [0,vmax], where the probability current is assumed to be zero.  Then, one can extract the following 
expression from Eq.(2.1): 
  (2.2) 
We can rearrange Eq.(2.2) as follows: 
  (2.3) 
If we solve Eq.(2.3) in terms of W: 
  (2.4) 
where A is constant.  As và0, Wà0.  Thus, g (diffusion coefficient) must have an inverse function of v.  
The simplest form that we applied is , where a and n are constants.  Similarly, as và∞, Wà0.  
Thus, f (drift coefficient) must have a negative function of v since it is in the integral exponent.  The 
simplest form that we applied is , where b and m are constants.  Note the negative sign of m is 
chosen to compromise the inverse g.  To this end, the final form of W is derived as follows: 
  (2.5) 
where C is integration constant.  We investigated the effect on the velocity distribution by modifying A, 
B, n, and m in the normalized velocity distribution, where A is the function of B, n, and m.  The equation 
is expressed as follows: 
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         (2.6) 
When B increases, the velocity distribution becomes sharp and the peaks move to the left (và0).  When n 
increases, the velocity distribution becomes broad and the peak moves to the right (và∞).  Since m is in 
k, we consider varying k from kmin = 0.1 to kmax = 2 with an interval of 0.1 (i.e. dk) while fixing B (i.e. 1 
and 5) and n (i.e. 0.1 to 10).  If the velocity distribution is weighted toward v = 0, the increase of m makes 
the velocity distribution sharp and move to the left until m reaches to a certain value.  Further increase of 
m makes the velocity distribution broad.  If the velocity distribution is weighted far from v = 0, the 
increase of m makes the peak move to the right and the broad distribution.   
Stationary Mitochondria Analysis 
Stationary mitochondria were analyzed using MATLAB. A threshold of 100 gray levels was used 
to remove background caused by moving mitochondria. The intensity (z-value, color) along the axon was 
averaged over time. After that, local maxima were found by comparing peaks with their nearest 
neighboring values. The position of maximum peaks whose value is larger than 150 is identified as 
location of stationary mitochondria. Distribution of stationary mitochondria along the axon was obtained 
by counting the number of stationary mitochondria, which are found from the above method, in bins with 
interval size of 50 µm. 
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Results 
Establishment of dendra2 localization and tracking in axons.  
As previously established (Fig. 2.1), mitochondrial transport in whole axons is chaotic, and can 
vary greatly depending on where and how long it is observed. To address this issue, we obtained the 
vector Mito-dendra2, a version of dendra2(131) that localizes to mitochondria. Mito-dendra2 is a 
photoconvertible fluorescent protein that can convert from green fluorescence to red fluorescence after 
exposure to 405 nm radiation. We confirmed transfected Mito-dendra2 mitochondrial localization in 
axons through a co-stain with TOMM20, a putative outer mitochondrial membrane protein (Fig. 2.4). 
Mito-dendra2 and TOMM20 show excellent colocalization, confirming that Mito-dendra2 is able to 
localize primarily to mitochondria, and can act as a tracking component for mitochondrial dynamics. 
 To analyze anterograde and retrograde movement, mito-dendra2 was photoconverted at either the 
soma or the distal axonal tip, using a 10 second exposure to 405 nm laser radiation. By photoconverting 
only in these specific areas, mitochondria will only travel in a particular direction, allowing us to dissect 
the nature of anterograde movement (Fig. 2.5A) compared to retrograde (Fig. 2.5B). We could easily 
distinguish moving mitochondria from the stationary population, and mitochondria were found to travel 
rapidly in either direction over the course of two hours (Fig. 2.5). Interestingly, while movement was 
clearly apparent, directionality appeared important for the speed of mitochondria. To examine this 
possibility, we calculated a velocity distribution of mitochondrial movement as they moved in either 
direction (Fig. 2.6A), and found that retrograde movement was significantly slower compared to control. 
In addition, we found that while mitochondria are capable of traveling anterogradely from the soma to the 
distal tip, retrograde movement is more local, and does not appear to bring mitochondria back to the 
soma. While others studies have suggested that retrograde movement is responsible for bringing damaged 
mitochondria back to the soma for processing(13), Our results firmly reveal that this is not the primary 
purpose of retrograde movement; rather, it appears that retrograde movement in axons is responsible for 
mitochondrial repositioning. We further broke down the components of anterograde movement by 
examining movement exclusively within 200 µm of the soma, as well as movement 200 µm or more 
away, to see if proximity to the soma can affect mitochondrial velocity. Mitochondria closer to the cell 
body were significantly slower compared to control, while further distance showed significantly faster 
velocity (Fig. 2.6D), showing that the choice of observation location is ultimately critical to the nature of 
the results. 
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  Figure 2.4: Mito-dendra2 colocalization with TOMM20 Neurons transfected with Mito-dendra2 
were fixed and stained for TOMM20, an outer mitochondrial membrane, as a marker for 
mitochondrial localization. Scale bar: 5 µm. 
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Figure 2.5: Analysis of anterograde and retrograde mitochondrial movement in axons using 
mito-dendra2 photoconversion. (A) For anterograde velocity analysis, mitochondria present in the 
soma were photoswitched using 405 nm laser radiation, and observed for 2 hours at 15 second 
intervals. (B) For retrograde velocity analysis, the same protocol as (A) was followed for 
photoconversion of mitochondria in the axon distal tip. Scale bars: 50 µm. 
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  Figure 2.6: Analysis of mitochondrial velocity through a derivation of the Fokker-Planck 
equation (A) Comparative raw analysis of the velocity distribution of anterograde and retrograde 
velocity in axons. (B) Fit of the Fokker-Planck equation on raw velocity distribution data of 
anterograde and retrograde velocity distribution found in (A). (C) Cumulative Probability of the 
Fokker-Planck equation for anterograde and retrograde velocity. Anterograde velocity is 
significantly higher compared to retrograde using the Kolmogorov-Smirnov test (P = 2.127E-11). 
(D) Comparison of anterograde velocity distribution of mitochondria throughout the whole axon, 
within 200 µm of the soma, and 200 µm away from the soma and beyond. (E) Fit of the Fokker-
Planck equation on raw velocity distribution data of mitochondria moving in different areas of the 
axon, as seen in (D). (F) Cumulative Probability of the Fokker-Planck equation for mitochondria 
moving in different sections of the axon. The velocity of mitochondria within 200 µm is significantly 
slower compared to the whole axon, using the Kolmogorov-Smirnov test (P = 3.98E-5). In turn, 
mitochondria moving beyond 200 µm are significantly faster compared to the whole axon, using the 
Kolmogorov Smirnov test (P = 1.76E-11). * = P < 0.04, N = 10 neurons for anterograde velocity, 11 
neurons for retrograde velocity. Error bars: S.E.M. 
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Derivation of Fokker-Planck equation for further characterization of mitochondrial velocity.  
Next, we derived a mathematical equation that describes this velocity distribution of 
mitochondrial movement in axons.  First, we assumed that the velocity of moving mitochondria randomly 
varies in axons.  In a mathematical sense, it becomes a stochastic quantity, which can be represented by a 
probability distribution.  Hence, using the Fokker-Planck equation that can explain physical movement of 
particle in a medium in terms of drift and diffusion motions(132), we formulated the velocity distribution 
of a mitochondrion in axon.  A general equation of the velocity distribution was derived and expressed as 
follows (see methods for full derivation): 𝑊 𝑣 =  𝐴𝑣!𝑒(!!!!!!!!) 
where A and B are constants, and 𝑛 and 𝑚 are exponents related to drift and diffusion terms.  Figure 2.6B 
shows the results of W v  for both anterograde and retrograde movement, both of while which exhibited 
excellent agreement with experimental data. We also examined the use of this formula for examination of 
different sections of anterograde velocity, and found that our formula still properly fit the calculated data 
(Fig. 2.6E, for values associated with the equation, see Appendix). 
 To further characterize our formula for examination of mitochondrial movement, we used the 
Kolmogorov-Smirnov test to establish significance of the total derived curve. This test, in this context, is 
able to examine the cumulative difference of the curve, rather than looking at the individual values and 
performing two-tailed t-tests (Fig. 2.6A + D). We formed a cumulative probability curve to compare 
anterograde and retrograde velocity (Fig. 2.6C) as well as other aspects of anterograde velocity (Fig. 
2.6F). All curves, as previously described, show significant difference compared to each other. 
 It is important to note that this data was derived from a very large pool of data, derived over a 
long period of time as well as the majority of the axon available. In addition, our data removes short 
“adjusting” movement from mitochondria already present within the axon, which gives a better picture of 
what true directional movement is. To test if examination of the full axon is necessary for portrayal of 
axonal movement, we took our existing data, extracted small areas that would represent shorter and 
briefer time lapses (Fig. 2.7), and compared them to our calculated data. First, we examined the role of 
time over a short calculated distance (70 µm) and different times (Fig. 2.8A). We found that, as the time 
measured increases, the variability of the raw data decreases. However, regardless of this variability, none 
of the data resembled that obtained from the whole axon (Figure 2.8B). We also examined axons at 70 µm 
and 500 µm for 25 minutes. While neither of these scenarios resembled our complete analysis (Fig. 2.8C), 
the 500 µm peak most accurately resembled the full data, showing that a longer length is necessary for 
proper analysis. Altogether, our equation has provided a new tool to analyze mitochondrial velocity 
distribution in axons. 
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  Figure 2.7: Sectional analysis of axon mitochondrial velocity Sectional velocity distributions were 
analyzed within each box for calculations found in figure 2.8. Shown here are examples for (A) 70 
µm for 5 minutes, and (B) 500 µm for 25 minutes. Scale bars: 100 µm. 
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Figure 2.8: Properties of axon mitochondrial velocity is dependent on the time and length 
analyzed (A) Analysis of the impact of time measured on a short section of velocity distribution. 
Axonal areas of 70 µm were measured for 5, 15, 25, 60, and 120 minutes. As time measured 
increased, the S.E.M. decreased. (B) Comparison of 70 µm analyses of different time periods with 
200 µm to end axon analysis. While the overall 70 µm curves resembled each other, none resembled 
that of the 200 µm to end whole axon curve. (C) Comparison of 25 minute analyses with different 
lengths. While 500 µm analysis did not match that of the 200 µm to end whole axon analysis, it more 
closely resembled it compared to 70 µm analysis. 
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Role of membrane potential in axon mitochondrial transport.  
Next, we wished to see if our formula could describe differences in mitochondrial transport upon 
addition of a known effector of mitochondrial function. Mitochondrial membrane potential has been 
found to play a role in mitochondrial transport(13), where retrogradely moving mitochondria possess 
significantly reduced levels of membrane potential. This claim is controversial in the face of newer 
evidence, suggesting that membrane potential loss immediately precedes mitophagy(133), and that 
mitochondria typically stop at their immediate location as mitophagy is preceding(63). To test the effects 
that depolarization has on mitochondrial transport, we added the low concentration of 1 µM of Cyano 
carbo carbo phosphate (CCCP), a depolarizer of mitochondria, to anterograde-tagged axons after 30 
minutes of imaging, and then continued imaging for another 90 minutes (Fig. 2.9A. As expected, the pre-
addition distribution of velocity closely matched that of our previously described data (Fig. 2.9B). As 
exposure to CCCP continued, mitochondrial velocity decreased significantly, until movement largely 
ceased. Using our Fokker-Planck equation (Figure 2.9C), we are able to see that there is an immediate 
significant effect on mitochondrial velocity following drug addition, which increases over time. 
Interestingly, we did not find any significant change in mitochondrial direction (Figure 2.9A), weakening 
the hypothesis that membrane potential plays a role in inducing retrograde transport. Instead, our results 
suggest that membrane potential plays an indirect role in regulation of mitochondrial transport. Reduction 
of membrane potential induces the beginning stages of mitophagy, which targets Miro transport proteins 
for ubiquination and degradation(63, 66). So, as depolarization conditions continue, Miro proteins are 
degraded and velocity levels are reduced, until transport can no longer be supported.   
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  Figure 2.9: Analysis of the role of mitochondrial depolarization on mitochondrial velocity (A) 
Example kymograph of 1 µM CCCP addition experiment. Mitochondria were photoconverted in the 
soma, and then observed for 30 minutes (-30 to 0) prior to addition of 1 µM of CCCP. Mitochondria 
were then observed for an additional 90 minutes. (B) Velocity distribution of mitochondria prior to 
addition of 1 µM CCCP (-30 to 0), and after, for 30 minute intervals. Error bars: S.E.M. (C) Fit of 
the Fokker-Planck equation to mitochondrial velocity distributions affected by 1 µM CCCP. (D) 
Cumulative probabilities of the Fokker-Planck equation. Kolmogorov-Smirnov test shows 
significantly reduced velocities for all exposures to CCCP, compared to velocity prior to addition (0-
30: P = 5.05E-5, 30-60: P = 6.48E-5, 60-90: P = 3.56E-5). N = 3 neurons. 
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Consequence of Flag-Parkin overexpression on axonal mitochondrial transport.  
We wished to examine the ability of our formula to look at systemic differences in mitochondrial 
transport. To do this, we overexpressed Flag-Parkin (Fig. 2.10) in primary neurons to examine the effects 
this protein may have on velocity. Parkin is an E3 ubiquitin ligase known to play an important role in 
initiating mitophagy. Previous reports have shown that Flag-Parkin can affect overall mitochondrial 
mobility(63), but not velocity. However, our previous results using CCCP would suggest that induction of 
components controlling mitophagy also affect velocity, and thus overexpression of Flag-Parkin should 
result in overall reduced velocity. Using our new mechanism, we were able to find that overexpression of 
Flag-Parkin was sufficient to reduce mitochondrial velocity in the anterograde (Fig. 2.11A-C) but not the 
retrograde (Fig. 2.11D-F) direction. Reduction of velocity suggests hyperactive mitophagy behavior, as 
shown in the early stage of CCCP-induced depolarization (Figure 2.9). 
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Figure 2.10: Expression of FLAG-Parkin in HEK cells Western blot of FLAG-Parkin following 
transfection in HEK cells. 
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  Figure 2.11: Analysis of the effect of FLAG-Parkin on axon mitochondrial velocity (A-C) Impact 
of Flag-Parkin overexpression on anterograde velocity. (A) Raw velocity distribution between control 
and Flag-Parkin overexpression. (B) Fokker-Planck equation fit on Flag-Parkin compared to control 
anterograde velocity. (C) Cumulative probability of the Fokker-Planck equation fit in (B). Analysis 
with Kolmogorov-Smirnov test shows significance (P = 1.10E-10). (D-F) Impact of Flag-Parkin 
overexpression on Retrograde velocity. (A) Raw velocity distribution between control and Flag-Parkin 
overexpression. (B) Fokker-Planck equation fit on Flag-Parkin compared to control retrograde 
velocity. (C) Cumulative probability of the Fokker-Planck equation fit in (B). Analysis with 
Kolmogorov-Smirnov test shows no significance (P = 0.38).  * for velocity distribution = P < .04. All 
error bars S.E.M. 
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Analysis of overall mobility and dynamics 
While velocity is an essential measure of mitochondrial movement in axons, the total quantity of 
mobile mitochondria, as well as dynamics events, are also important aspects of transport to consider. 
Mitochondrial fission and fusion are well-established characteristics of mitochondrial behavior(133-136), 
and play an important role in maintenance of a viable mitochondrial population(137). By using our mito-
dendra2 conversion technique, we examined the dynamics of mitochondria as they travel through the 
axon, and interact with other mitochondria already present there. Mitochondria were found to stop, 
undergo kiss-and-run fission-fusion events(133), and reverse direction (Fig. 2.12A). Using converted 
dendra2 produces two separately labeled populations of mitochondria, and provides us with a method to 
examine the transmission of mitochondrial components from mitochondrion to mitochondrion. 
 To examine the overall relevance of our methods, we compared our control neuron values to 
those overexpressing Flag-Parkin. Parkin overexpression has been previously shown to affect the total 
number of moving mitochondria(63), and would provide a useful comparison to validate our methods. 
First, we examined the number of mitochondria leaving the cell body over two hours. We found that, in 
control neurons, an average of 65 (+/- 5 S.E.M.) mitochondria left the cell body over two hours (Fig. 
2.12B). Comparatively, only 30 (+/- 10 S.E.M) left the cell body when Flag-Parkin was overexpressed 
(Figure 12 B). For retrograde movement a similar, though non-significant, pattern was seen; an average of 
9.5 (+/- 3 S.E.M.) mitochondria left the distal tip of control neurons, while Flag-Parkin overexpression 
reduced this number to 5.5 (+/- 2 S.E.M.) mitochondria (Fig. 2.12D). Through this method, it is not 
surprising that anterograde mobility greatly exceeds retrograde mobility. Photoconverting the soma will 
convert hundreds of mitochondria for analysis, while photoconversion of the distal tip converts a much 
smaller population of mitochondria, resulting in the numbers obtained. 
 As previously mentioned, mitochondria undergo a variety of dynamics events within the axon. 
For anterograde velocity analysis, we quantified mitochondria undergoing a full stop, fusion/fission 
events, a reversal of direction, and the number reaching the distal tip (Fig. 2.12A + C). This number was 
calculated as per mm of axon measured, as the number of events appeared to be directed related to total 
quantity of axon measured. Mitochondria moving in the anterograde direction were found to be able to 
travel the entire length of the axon (Fig. 2.5A + 2.12C). Interestingly, this number was not decreased 
upon overexpression of Flag-Parkin, while both full stops and fission events were significantly reduced, 
likely due to a reduction in the total number of moving mitochondria. 
 While anterograde movement is clearly able to direct mitochondrial movement from the soma to 
the distal axonal tip over a relatively short period of time, we were not able to find the reverse to be true 
for retrograde movement. Mitochondria moving away from the distal tip were found to interact with and 
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stop upon stationary mitochondria (Fig. 2.5B, 2.12E), but over the course of a two-hour time lapse, no 
mitochondria were recorded to reach the soma. Overall dynamics events were also reduced for Flag-
Parkin retrograde movement, but not significantly compared to control (Fig. 2.12E). To see if our 
observation that mitochondria do not return to the soma was a result of our measurement time, we 
performed a long-term analysis of retrograde movement. Increasing the length of the time lapse to 20 
hours did not change this result (Fig. 2.13), confirming our pervious analysis. Interestingly, the converted 
mito-dendra2 signal was completely diluted over the course of this extended observation, showing rapid 
diffusion of mitochondrial materials within the axon. Previous results have also shown that retrograde 
movement is associated with LC3, a mitophagy marker, and through this process mitochondria return to 
the soma(67). To test this test this hypothesis, we co-transfected LC3-EGFP and mito-mCherry in 
neurons, and examined the co-localization of LC3 and retrograde mitochondria. We found that LC3 
simultaneously has an axoplasmic localization, as well as colocalizing with discrete vesicles (Fig. 2.14). 
However, we did not find any correlation between retrograde moving mitochondria and LC3-marked 
vesicles. 
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  Figure 2.12: Quantification of the movement and dynamics of mitochondria in axons (A) 
Examples of dynamics events as tagged mitochondria traveled either anterograde or retrograde 
through the axon over 2 hours (B) Quantitative analysis of the total number of anterogradely moving 
mitochondria in axons. (C) Quantification of anterograde mitochondria events in axons. For 
fusion/fission events, a red moving mitochondrion is split into 1 stationary mitochondrion and 1 that 
continued its movement. The dynamics events of mitochondria moving in the anterograde direction 
were normalized to the length of the axon. (D) Number of mitochondria leaving the axonal tip over 2 
hours. (E) Dynamics of retrograde mitochondrial transport in axons. N = 9 primary neurons for 
control anterograde, and 11 for control retrograde. N = 4 (anterograde) and 4 (retrograde) for 
neurons overexpressing FLAG-parkin. *P < 0.01. Error bars: S.E.M. 
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  Figure 2.13: Long-term analysis of retrogradely moving mitochondria in axons Retrogradely 
moving mitochondria were imaged every two minutes for 20 hours. Vertical scale bar: 60 minutes, 
Horizontal scale bar: 50 µm. 
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  Figure 2.14: LC3 does not colocalize with retrogradely moving mitochondria LC3-EGFP was 
co-transfected with Mito-mCherry, and colocalization with retrogradely moving mitochondria was 
examined. Scale bar: 10 µm. 
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Analysis of stationary mitochondria distribution.  
A significant population of mitochondria in axons remains stationary, to provide local energy 
production for various axonal processes. However, it is unknown if there is any inherent and established 
pattern of stationary mitochondria in mature neurons, or if the distribution is random. By using our whole 
axon approach to mitochondrial analysis, we are able to examine the pattern of stationary mitochondria. 
To do this, we examined the mitochondria that did not move under the course of a two-hour time lapse, 
which separates true stationary mitochondria from those pausing for shorter periods of time (Fig. 2.15A). 
By taking this population and analyzing their average distribution, we are able to establish a density 
probability across an entire axon (Fig. 2.15B). We found that there is a significantly higher quantity of 
mitochondrial density in the first 200 µm of axon length. This correlates with our previously established 
velocity results, which demonstrated that anterograde velocity is significantly slower in the first 200 µm 
of axon (Fig. 6D-F). 
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  Figure 2.15: Analysis of stationary mitochondria distribution in axons (A) Representative 
kymograph demonstrating analysis of stationary mitochondria. A typical kymograph (top) was 
thresholded to eliminate background (middle). Peaks that appeared constant over the course of 2 
hours were quantified as stationary (bottom). (B) Density of mitochondria throughout axon. Axonal 
lengths of 50 µm were binned, and the frequency of mitochondria in reference to distance from the 
cell body was plotted. Error bars: S.E.M. *P < 0.02 compared to density at 750 µm. 750 µm was 
selected for statistical comparison because it is roughly the middle of the average axon length 
monitored. The longest axon branch in a neuron was analyzed. N = 10 neurons. 
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Discussion 
 Here, we have established a new methodology for examining axonal mitochondria transport and 
dynamics. While preceding studies using normal fluorescent proteins have provided important 
information regarding the basics of mitochondrial movement, the intricacies related to the behavior of 
mitochondria over the whole axon has remained in dispute, due to methodologies that only examines a 
small portion of the axon. We have used the photoconvertible fluorescent protein dendra2 to isolate 
discrete populations of axonal mitochondria, and observe their behavior as they travel through the entire 
axon. Previous results have found a variety of mitochondrial velocities in both the anterograde and 
retrograde directions, varying between 0.1 to 1.4 µm/s (13, 48, 50, 51, 57). By forming a velocity 
distribution and calculating a derivation of the Fokker-Planck equation for analysis, we have cemented 
several key traits regarding mitochondrial velocity. Anterograde movement is significantly faster 
compared to retrograde movement, and is able to transport mitochondrial from the proximal to the distal 
end of the axon. Anterograde velocity is dependent on the location of the transport, as mitochondria closer 
to the soma are significantly slower compared to those farther away. This is likely due to a crowding of 
mitochondria and other cellular components within this area. Indeed, our analysis of stationary 
mitochondria found that there were significantly more mitochondria per µm in the first 200 µm of axon 
compared to areas beyond. Use of this method also allows for the quantification of other aspects of axonal 
mitochondrial transport, such as total moving mitochondria, as well as the number of dynamics events 
such as stopping, and fusion/fission. We are also able to fully establish that retrograde movement does not 
significantly move any quantity of mitochondria to the cell body for mitophagy. Our results do not 
exclude the possibility that autophagosomes containing mitochondrial components are transported 
retrogradely, as previously shown(67), but it is clear from our results that this form of transport is not 
performed by intact mitochondria. 
 Using our new method, we established that the health of mitochondria is critical for proper 
transport of mitochondria. Addition of the depolarization agent CCCP was sufficient to immediately 
influence mitochondrial velocity, with gradual decrease of velocity as exposure time to the drug increases. 
In addition, overexpression of Flag-Parkin provided significant decreases in mitochondrial velocity and 
total movement of mitochondria. This protein is known to have a role in the consolidation of 
dysfunctional mitochondria(65), and overexpression is known to target Miro1, a mitochondrial transport 
regulatory protein(64). While both our results and those performed previously have shown a reduction in 
total mitochondrial mobility, our model was able to show that mitochondrial velocity was also affected. 
Thus, covering the whole axon and observing for an extended period of time provides a more sensitive 
analysis for this aspect of mitochondrial transport. By creating this new method for analysis of 
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mitochondrial movement in axons, we have established a new groundwork for measuring neuronal health 
and physiology. Any stimulus that may perturb axonal morphology may be characterized by subtle 
changes in mitochondrial movement and velocity. In addition, while our analysis was limited to 
mitochondrial transport, it is likely that this model could be applied to any vesicle or organelle traveling 
through the axon. 
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Chapter 3: 
MCU modulates mitochondria movement in 
axons through interaction with Miro1 
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Abstract 
Calcium is an integral factor in mitochondrial function, regulating both mitochondrial movement 
and metabolic capability. Mitochondrial calcium intake is maintained by the mitochondrial calcium 
uniporter (MCU), the primary unit of a multi-protein complex, found in the inner mitochondrial 
membrane. MCU and its regulatory components have been well documented since its identification; 
however, its relationship to other calcium-regulated mitochondrial functions remains ambiguous.  
Previous work identified the uniporter complex as a component regulating mitochondrial velocity in 
axons, ablating movement upon stimulation(48). Here, we have discovered a molecular link between 
MCU and Miro1, a calcium sensitive outer mitochondrial membrane protein known to regulate 
mitochondrial movement. Binding occurs between MCU’s previously defined N-terminal mitochondrial 
targeting sequence (MTS) domain, and Miro1’s outer membrane transmembrane domain.  
Immunocytochemistry analysis shows that this domain is dispensable for MCU localization into 
mitochondria, and is insufficient to drive mitochondrial localization of a fluorescent protein.  Analysis of 
isolated mitochondria reveals that this interaction occurs within the outer mitochondrial membrane, and is 
regulated via cleavage of MCU’s N-terminal domain, a process stimulated by calcium influx.  Functional 
analysis of this interaction in neurons and Neuro2A cells shows that Miro1’s interaction with MCU’s 
MTS domain is critical to maintain both normal anterograde velocity in axons, but is dispensable for 
mitochondrial calcium influx capability. In total, our study reveals a novel functional relationship 
between the inner and outer mitochondrial membrane to co-regulate both mitochondrial placement and 
movement in axons. 
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Introduction 
Mitochondria are essential organelles, whose transport and stationary distribution are critical for 
cell survival. This is particularly true for axonal mitochondria, as their distance from the cell body and 
primary cellular components demands a coordinated system to prevent energetic deficiencies in axonal 
function. Axons can be millimeters in length, and mitochondria are actively transported both anterograde 
and retrograde(13, 130) relative to the cell body, moving from the cell body to axon terminals to support 
neuronal signaling(123), as well as remaining stationary throughout the axon for support of general 
axoplasmic functions(130). Local calcium concentrations are the primary factor regulating mitochondrial 
transport, through the protein Miro1 (43, 45), a Rho GTPase that contains two canonical EF-hands and is 
found in the outer mitochondrial membrane. In mammals, Miro1 binds to TRAK1/2 (Milton in 
Drosophila melanogaster)(56), which in turn interacts with either kinesin or dynein to promote 
microtubule-driven anterograde and retrograde movement, respectively. In axons, mitochondrial 
movement is arrested upon a high pulse of calcium, due to EF-hand mediated change in Miro1 
configuration(48, 49). This results in detachment of the transport complex from the microtubule, though 
there is still disagreement regarding whether or not the motor itself remains attached to the 
mitochondrion(50, 51, 54). Miro1 expression is largely considered to be the primary regulator of 
mitochondrial movement. Initial studies using Miro1 RNAi in neurons found a significant decrease in the 
overall number of moving mitochondria in axons(51), and overexpression of a calcium insensitive mutant 
of Miro1 enhances mitochondrial movement in the presence of increased calcium levels(48, 49). 
However, tests using a Miro1 knockout mouse model have found conflicting results in transport 
regulation(38, 39), although these mice suffered from severe motor neuron defects in both studies.  
In addition to regulation of mitochondrial movement, calcium also plays a role in regulation of 
oxidative phosphorylation(72). Mitochondria possess a high capacity for calcium uptake, allowing them 
to act as a reservoir for excess local intracellular calcium. Intake of calcium into the mitochondrial matrix 
is primarily facilitated by the mitochondrial calcium uniporter (MCU)(68, 90, 91). While MCU’s action 
in Ca2+ uptake is well established, its potential roles in regulating other Ca2+ dependent mitochondrial 
functions, such as mitochondrial transport, are not well understood.  Our previous work(48) suggested 
that MCU and Miro1 might work in the same biological pathway to simultaneously regulate 
mitochondrial functions and transport.  Overexpression of a Ca2+ insensitive mutant of Miro1 was 
sufficient to impair Ca2+ uptake into mitochondria, while pharmaceutical repression of MCU rescued 
Ca2+-induced arrest of mitochondrial movement(48).  Nevertheless, it is not known if MCU and Miro1 
interact physically, and if this MCU-Miro1 interaction modulates mitochondrial Ca2+ influx and 
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movement. In this chapter, we have explored the mechanistic aspect of this interaction, and the role this 
interaction plays in mitochondrial transport and calcium influx. 
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Materials and Methods 
Coverslip Preparation 
Glass bottom dishes (Cellvis, D35-14-1.5-N) and #1.5H coverslips (Deckglaser, ref 0117520) 
were prepared as previously described in Chapter 2 Methods. In brief, dishes were immersed in 1 M HCl 
at 55°C for at least 4 hours.  Dishes were then washed thoroughly with dH2O, followed by 30 minute 
washes of 50%, 70% and 100% ethanol. Dishes were then dried in a biosafety cabinet and exposed to UV 
radiation for at least 15 minutes for sterilization.  50 µg/ml of Poly-D-lysine (Thermo Fisher Scientific, 
P6407) was added to the glass portal in dishes, and were incubated in a 37°C and 5% CO2 cell culture 
incubator overnight.  Dishes were washed the next day with autoclaved dH2O, dried in a biosafety 
cabinet, and kept in a sterile cell culture incubator until used. 
Cell Culture 
Primary neurons were prepared as described in Chapter 2 Methods. In brief, pregnant mouse was 
euthanized at E18 with CO2, followed by cervical dislocation.  Embryos were removed and immediately 
placed in ice-cold HBSS (Thermo Fisher Scientific, 14065056).  Hippocampi were dissected out of 
embryos, washed twice in Ca2+ and Mg2+ free HBSS, and incubated in EDTA-free trypsin (Thermo Fisher 
Scientific, 15050065) for 15 minutes.  Hippocampi were washed in trituration media twice, and then 
vigorously pipetted up and down to dissociate the cells.  The cell mixture was pipetted through a 40 µm 
cell filter (Falxon, ref 352340), and then plated onto glass bottom dishes or coverslips at a density of 
35,000 cells per cm2.  Trituration media was replaced by neuronal maintenance media consisting of 
Neurobasal media (Thermo Fisher Scientific, 21103049), B27 (Thermo Fisher Scientific, 17504044), and 
GlutaMAX (Thermo Fisher Scientific, 35050061). 
HEK293 cells were obtained from the Korean Cell Line Bank.  Neuro2A cells were obtained as a 
gift from Professor K. Kim at Postech.  Cell lines were maintained in DMEM (Invitrogen) supplemented 
with Penicillin/Streptomycin (Thermo Fisher Scientific, 15070063) and 10% FBS (Millipore, CAT# 
TMS-013-BKR), in a cell culture incubator kept at 5% CO2 and 37°C. 
Transfection was performed on all cell types using Lipofectamine 2000 (Gibco) as previously 
described. For neurons, a total of 1.2 µg of plasmid DNA and 1 µl of Lipofectamine 2000, diluted in 100 
µl optimem, was used. DNA/Lipofectamine mixture was incubated together at room temperature for 20 
minutes.  During this time, approximately half of the cell culture media was removed from the dish, and 
the transfection mixture was added to the cells.  Transfection was allowed to occur for 3 hours, at which 
point the media was removed, and a 50% mixture of old and new maintenance media was added back to 
the neurons.  For other cell types, 2 µg of plasmid DNA and 2 µl of Lipofectamine 2000, diluted in 200 µl 
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optimem, were used per dish. After 20 minutes of room temperature incubation, the mixture was added, 
without any follow-up washout step. 
Mitochondrial Extraction.   
For mitochondrial extraction, HEK 293 cells were trypsinized for 5 min at 37°C and harvested by 
centrifugation at 500×g at 4°C. Harvested cells were washed twice with 1 ml of PBS, and re-suspended in 
1ml of ice-cold mitochondrial isolation buffer (200 mM Mannitol, 70 mM Sucrose, 10 mM HEPES 
pH7.4, 1 mM EGTA, and 1x protease inhibitor cocktail).  Cells were homogenized by 50 to 60 strokes 
with a douncer. Homogenized samples were centrifuged twice at 700×g at 4°C to collect supernatant 
containing intact mitochondria.  The supernatant was centrifuged for 10 min at 10,000×g at 4°C.  The 
resulting pellet is the mitochondrial fraction.  The mitochondrial pellet was re-suspended in 100 µl of the 
mitochondrial isolation buffer for further analysis. For Protease K experiments, Protease K (Roche, 
3115828001) diluted 1:2000 in isolation buffer was added for 10 minutes on ice prior and washed twice 
with ice cold isolation buffer, prior to adhering mitochondria to coverslips. 
Plasmid Preparation 
shMCU and shMiro1 vectors were obtained from Sigma-Aldrich (shMCU: TRCN0000251261; 
shMiro1: TRCN0000326200).  Myc-Miro1 plasmid was obtained as a gift from Dr. Pontus Aspenstrom.  
MCU was cloned using silverscript III one-step RT-PCR kit (Thermo Fisher Scientific, 12574018) in 
pFLAG-CMV6B (Sigma-Aldrich) using primers 5’-CTGAATTCATATGGCGGCCGCCGCAGGTAG-
3’ and 5’-GCTGGATCCTCATTCCTTTTCTCCGATCTG-3’. MCU was then subcloned into C-Flag 
(Addgene, 20011) and sfGFP-N1 (Addgene, 54737). For MCUΔ2-57-Flag, primers 5’phos- 
CAGAGCGTGGGAGCCGCATATT-3’ and 5’phos-CATTCTAGATAAGCTTGGGTCTCCC-3’ were 
used with the MCU-Flag vector. TOMM20-Myc was cloned from TOMM20-sfGFP, which was 
subcloned from mEos3.2-TOMM20-N-10 (Addgene, 57483).  sfGFP was removed and Myc tag was 
added using the primers 5’phos-TCCGAGGAGGACCTGACCGGTGCGGCCGCGACTCTAGATCA-3’ 
and 5’phos-GATCAGCTTCTGCTCAGGATCCCCGCTACCGCCTTCCACATC-3’. 
Immunocytochemistry 
Mitochondria and cells were stained using identical procedures. Isolated mitochondria were 
pipetted onto coverslips and allowed to adhere for 20 minutes.  Samples were fixed using 4% 
paraformaldehyde and 0.3% glutaraldehyde for 15 minutes.  Free amines were quenched using 1 mg/ml 
NaBH4 for 10 minutes, to prevent autofluoresence caused by excess glutaraldehyde.  Samples were 
permeabilized with 0.3% triton X for 10 minutes, and blocked in 1% BSA and 0.05% sodium azide for at 
least 1 hour.  Coverslips were inverted and stained in blocking buffer overnight at 4°C using the 
following antibodies: 1:500 anti-FLAG (Sigma, F7425), 1:400 anti-Myc (Santa Cruz Biotechnologies, 
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9E10), 1:200 Anti-TOMM20 (Abcam, ab56783), and 1:400 cytochrome C (BD Pharmingen Cat. 
556433).  After staining, coverslips were washed three times with PBST (0.1% TWEEN 20).  Secondary 
staining was performed with Invitrogen Alexa antibodies (1:400) in blocking buffer for 2 hours.  
Coverslips were washed three times with PBST, and mounted using Prolong Gold mounting reagent 
(Thermo Fisher Scientific, P36934). 
Co-immunoprecipitation and Western blotting.   
24 hours after transfection cells are collected and lysed in 400µl of RIPA buffer (50mM Tris-
HCl, pH 7.4, 150mM NaCl, 0.05% C24H39NaO4, 0.1% SDS, 1% Triton-X, and protease inhibitor 
cocktail). Protein concentrations were measured using the Bradford assay (BioRad). 1 mg of proteins 
were rotated head-over-tail with 0.3 µl of anti-Flag antibody (F7425, Sigma) or 1 µl of anti-Myc antibody 
(9E10, Santa Cruz) overnight at 4°C.  The protein-Ab mixtures were rotated head-over-tail with the 
protein A/G agarose beads (#20421, ThermoFisher) for 4 hours at 4°C.  The beads were washed with 1ml 
of the RIPA buffer and centrifuged for 5 minutes at 5,000×g at 4°C.  The supernatant was removed after 
centrifugation.  This washing step was repeated five times. For elution, 10µl of RIPA buffer, 7 µl of 4× 
SDS loading dye, and 100 mM DTT was added into washed beads. Immunoprecipitated proteins are 
eluted from beads by heating at 95 °C for 15 minutes. 
For western blot analysis, proteins were separated on 12% SDS-gel and transferred onto a PVDF 
membrane (# IPVH00010, Millipore).  After blocking the membrane with 5% skim milk in TBST (0.01% 
Tween 20 in TBS) for 1 hour at room temperature, the membrane was incubated with primary antibodies 
(Anti-Flag Ab; 1:3000, Anti-Myc Ab; 1:1000) overnight at 4°C.  The membrane was washed 3 times with 
TBST for 10 minutes and incubated with the secondary antibody for 90 minutes at room temperature.  
The membrane was washed 5 times with TBST for 10min at room temperature.  Imaging is performed 
using ImageQuant LAS 4000 (GE Healthcare). For calcium experiment performed in figure 3e, 10 mM 
final concentration of CaCl2 was added to full cell media 3 hours after transfection of MCU-Flag, and was 
incubated for 2 days prior to lysation. 
Confocal Microscopy 
All confocal images were taken using a Zeiss LSM 780 confocal microscope.  For live cell 
imaging, 37°C was maintained using a (heating instrument), and axial stability was maintained using the 
Zeiss Definite Focus z-correction hardware.  Velocity measurements were taken using a C-Apochromat 
20x dry objective, and calcium measurements were taken using a C-Apochromat 40x water immersion 
objective.  All immunocytochemistry images were taken using a Plan-Apochromat 63x/1.4 oil immersion 
objective (Zeiss 420782-9900-000) at approximately 21°C.  For FRET experiment preparation, Alexa 488 
served as the donor, and Alexa 555 served as the acceptor.  Individual fixed mitochondria were identified, 
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and acceptor photobleached using a 561 nm laser over the course of 20 frames.  For the FRET region of 
interest, only the area occupied by the outer mitochondrial membrane was used.  All FRET efficiencies 
were calculated and normalized using the Zeiss FRET analysis software package. 
dSTORM imaging and analysis 
dSTORM images were taken using a Zeiss Elyra P.1 PALM microscope. Isolated mitochondria 
were seeded onto a prepared glass bottom dish, and fixed using the previously defined protocol.  
Immediately prior to imaging, a 1:2000 dilution of Tetraspeck beads (Thermo Fisher Scientific, T7279) 
was added to the dishes and allowed to settle onto the dish for 5 minutes.  dSTORM was performed by 
adding 20 µl of GLOX solution (15 mg catalase (Sigma C1345-10G) and 14 mg glucose oxidase type VII 
(Sigma, G2133, 50 ku) in 200 µl of 150 mM NaCl and 50 mM Tris pH 8.0 buffer) and 8 µl  beta-
mercaptoethanol into 2 ml of 150 mM NaCl, 50 mM Tris pH 8.0, 10% glucose buffer.  Different channels 
were taken sequentially, and then later aligned using the ZEN software, using the tetraspeck beads as 
fiduciary markers. To perform this alignment, the last frame of the first time lapse performed was  
Aligned images were imported into ImageJ, and STORM images were generated using the 
ThunderSTORM plugin.  Nearest Neighbor data was generated through the colocalization feature of this 
plugin. 
Calcium Measurements.   
For calcium measurements, Mito-GEM-GECO, cytoplasmic R-GECO, and the vectors of interest 
were transfected into Neuro2A cells at least 2 days prior to experiments. Calcium measurements were 
made using a C-Apochromat 40x/1.2 Water Corr M27 objective (Zeiss 421767-9970-000), at a frame of 1 
frame every 7 seconds.  Baseline calcium measurements were made for at least 20 frames prior to and 
following the addition of 2 µM ionomycin.  The subsequently induced calcium spike was confirmed using 
cytoplasmic R-GECO.  For calcium measurements, the ratio of the blue and green emissions of GEM-
GECO was used to measure the calcium levels of mitochondria over time.  Data values were collected in 
imageJ using the multiple positions plugin.  Values collected from the cells in each dish was averaged, 
and counted as a single replica to form the response curve.  To calculate the relative change in calcium, 
the values in the frame 20 frames preceding the addition of ionomycin (resting values) considered the 
initial value, and were used to set a baseline for the effect of ionomycin-induced calcium spikes. 
Velocity Measurements 
Velocity distributions were calculated as previously described in Chapter 2 methods and in 
publication(130), with some modifications for optimized data acquisition.  Primary hippocampal neurons 
were transfected at DIV 4 with mito-dendra2 and the respective vector to be tested.  Cells were 
maintained until DIV 13-17, at which point they were used for experiments.  To obtain mitochondrial 
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velocities, mitochondria in the soma were photoconverted using a 405 nm laser, to make this 
subpopulation of mitochondria convert to the RFP form of dendra2. A 708 µm x 708 µm field of view (or 
1400 x 1400 resolution) was captured using a Plan-Apochromat 20x/0.8 objective (Zeiss 420650-9901-
000) for 60 minutes, at a rate of 1 frame every 15 seconds.  Data was imported into Fiji software, where 
the movement of the photoconverted mitochondria was traced over the course of the time lapse, providing 
a map of the axonal branches.  A kymograph of axon segments more than 200 µm from the soma was 
drawn, and mitochondrial velocity was calculated based on the slope of the line of mitochondria as they 
travel within the kymograph.  A velocity distribution histogram of this data was generated using 
MATLab, and the resulting histogram was fitted into our derivation of the Fokker-Planck equation using 
Microsoft Excel. Kolmogorov-Smirnov test was performed using the Real Stats Microsoft Excel plugin. 
Statistics.   
Kolmogorov-Smirnov test was performed using the Real Stats Microsoft Excel plugin.  Dunnett’s 
and Tukey’s ANOVA and two-tailed Student’s t-test was performed using Graphpad prism. 
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Results 
Physiological roles of MCU and Miro1 in transport and calcium influx in mitochondria.   
Based on previous work, we hypothesized that Miro1 and MCU play a key role in regulating 
mitochondrial movement in axons (48, 49).  To test this hypothesis, we first knocked down Miro1 and 
MCU to examine their role in calcium influx and axonal velocity. Transfection of shMiro1 (Fig. 3.1A) 
and shMCU (Fig. 3.1B) was sufficient to significantly reduce the respective protein levels in Neuro2A 
cells after 48 hours. Using their small hairpin vectors, we reduced levels of MCU and Miro1 in primary 
neurons, and examined how these proteins influence mitochondrial movement in axons. To do this, we 
used our mitochondrial mobility modeling methodology established in Chapter 2(130). We 
photoconverted mitochondria in the cell body of cells expressing the corresponding small hairpin vector, 
and followed the movement of these mitochondria over the course of one hour (Fig. 3.2A). First, we 
examined the total number of mitochondria leaving the cell body, to ascertain whether or not MCU or 
Miro1 would affect the total number of moving mitochondria. As previously reported(39), knockdown of 
Miro1 significantly reduced the total number moving mitochondria (Fig. 3.2B). Interestingly, MCU 
knockdown also produced a similar reduction in mobile mitochondria, showing that MCU plays a role in 
mitochondrial transport.  
Following mobility analysis, we produced a velocity distribution of anterograde mitochondria, to 
examine the role MCU and Miro1 play in velocity regulation. MCU knockdown reduced the overall 
velocity of anterograde moving mitochondria (Fig. 3.2C), while Miro1 knockdown led to faster-moving 
mitochondria (Fig. 3.2D). This was further illustrated through fitting our velocity distributions to our 
modified version of the Fokker-Planck equation(130, 132)(Fig. 3.2E), which functions to illustrate the 
nature of mitochondrial movement. A cumulative probability plot was used to establish significance of 
these results (Fig. 3.2F), using the Kolmogorov-Smirnov test. It is interesting to note that while both 
MCU and Miro1 display corresponding effects on the total number of moving mitochondria, they have 
opposing roles in velocity regulation. Examination of mitochondria reversing direction did not show any 
significant difference compared to control, showing that MCU and Miro1 (Fig. 3.3A-B) do not appear to 
affect retrograde velocity. 
Next, we asked if Miro1 and MCU modulate mitochondrial Ca2+ uptake.  Neuro 2A cells were 
transfected with the genetically encoded Ca2+ indicators, R-GECO and mito-GEM-GECO (138), as well 
as the respective small hairpin vector.  Baseline Ca2+ measurements were made for at least 100 seconds 
prior to and following the addition of 2 µM ionomycin, a Ca2+ ionophore. At low concentrations, this 
ionophore has been previously found to selectively permeabilized the cellular plasma membrane to 
calcium, while leaving the mitochondria unaffected(107). Ca2+ elevation following ionomycin treatment 
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was confirmed using cytoplasmic R-GECO, and mitochondrial Ca2+ uptake was monitored using mito-
GEM-GECO (Fig. 1E-G).  As expected and previously shown (90, 91), we found that MCU knockdown 
reduced mitochondrial Ca2+ uptake (Fig. 3.4A, C).  Similar results were obtained in cells with reduced 
levels of Miro1 (Fig. 3.4B, C), showing that Miro1 is essential for calcium influx into mitochondria. This 
is in agreement with previous results showing that overexpression of a calcium-insensitive mutant of 
Miro1 is sufficient to reduce the influx of calcium into primary neurons (48), as well as provide resistance 
to calcium-induced mitochondrial movement arrest.  
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  Figure 3.1:. Analysis of small hairpin vector effectiveness on Neuro2A mouse cells. (A) Cells 
were transfected with either shctrl, shMiro1, or Myc-Miro1, and incubated for 48 hours. * denotes a 
non-specific band, not increased in the presence of Myc-Miro1. (B). Cells were transfected with 
either shctrl or shMCU in triplicate. Both the native upper and lower band was normalized to tubulin, 
and quantified relative to shctrl.  Error bars: S.E.M. 
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  Figure 3.2: MCU and Miro1 attenuate mitochondrial transport in axons. (A) Kymograph of 
anterograde mitochondrial movement in shctrl control knockdown, MCU knockdown, and Miro1 
knockdown conditions. Red signal that does not originate from the soma was considered background 
and not included in any analysis. (B) Number of mito-dendra2 switched mitochondria leaving the 
soma over the course of one hour from different knockdown backgrounds. *P < 0.002 one-way 
ANOVA uncorrected Fisher’s LSD. Tukey’s box plot profile is shown. (C + D) Raw velocity 
distributions of axonal mitochondria from neurons expressing either shctrl, shMCU (C), or shMiro1 
(D). Error bars represent S.E.M. (E) Anterograde velocity distribution of axonal mitochondria from 
neurons transfected with each knockdown vector, fitted to a Fokker-Planck equation. (D) Cumulative 
Probability graph derived from the data in (B). *P < 2E-05, tested for statistical significance by 
Kolmogorov-Smirnov test. N = shctrl: 9 neurons, shMCU: 12, shMiro1: 7. Horizontal scale bar: 50 
µm. Vertical scale bar: 10 minutes. 
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  Figure 3.3 Miro1 and MCU do not affect the velocity of mitochondria reversing direction. 
Velocity of mitochondria reversing direction from anterograde movement was measured from 
anterogradely moving mitochondria reversing direction. (A) Raw velocity distribution of retrogradely 
moving mitochondria expressing either shctrl, shMCU, or shMiro1. Error bars: S.E.M. (B) Fokker-
Planck equation lines fitted to the velocity distribution seen in (A). N = 5 neurons shctrl, 7 neurons 
shMCU, 3 neurons shMiro1. 
89 
 
  
90 
  Figure 3.4: Miro1 and MCU both negatively affect calcium influx into Neuro2A mitochondria. 
Analysis of calcium influx into mitochondria using Neuro2A cells. Cells expressing Mito-GEM-
GECO, R-GECO, and either shctrl, shMCU (A), or shMiro1 (B) were exposed to 2 µm ionomycin. 
Error bars: S.E.M. (C) Quantification of the Mito-GEM-GECO ratio the first frame after ionomycin 
was added to cells. *P < 0.0005, one-way ANOVA Dunnett’s multiple comparisons test. Tukey’s 
box plot profile is shown.  
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MCU and Miro1 interact biochemically.   
Our results have shown that Miro1 and MCU both simultaneously regulate mitochondrial axonal 
velocity and calcium influx. Considering that calcium is an important factor for both functions(49), we 
hypothesized that these two proteins interact with each other within a single complex. To test this 
hypothesis, we first performed an immunoprecipitation assay.  Analysis of HEK293 cells transfected with 
MCU-Flag and Myc-Miro1 confirmed the presence of a biochemical relationship between these two 
proteins (Fig. 3.5A, B). However, in the broad context of mitochondrial physiology, this interaction is 
unusual; Miro1 and MCU are present in the outer and inner membranes of mitochondria, and the putative 
configuration of Miro1(43) and MCU(92) imply that only a limited set of domains would be available for 
interaction purposes. Intriguingly, Miro1 displayed a bias towards co-immunoprecipitation with the 
unprocessed 40 kDa band of MCU (Fig. 3.5B). This higher band contains the MCU mitochondrial 
targeting domain (MTS), which has been theorized to guide its localization to mitochondria(90). An MTS 
is typically an N-terminal cleavable domain, and in MCU makes up approximately the first 57 amino 
acids of MCU(92).  However, Miro1’s preferential binding to the 40 kDa band may imply that this N-
terminal domain has a secondary role compared to what has been previously described.  To examine this 
possibility, we attached a Flag tag to the N-terminus to MCU, and examined its localization.  Flag-MCU 
and MCU-Flag both colocalized with Myc-Miro1 (Fig. 3.6), although Flag-MCU did show a less intense 
signal. MCU-Flag displayed the putative inner membrane morphology that would be expected from the 
putative C-terminus configuration(90, 92), while Miro1 appeared as a circle around MCU, in agreement 
with previous results regarding its outer mitochondrial membrane configuration. The Flag-tagged N-
terminus of MCU, however, displayed a combination of cytoplasmic and outer mitochondrial membrane 
localization. The cytoplasmic fraction of the N-terminus is expected for a domain that would be cleaved 
during mitochondrial localization; however, the presence of Flag-MCU on the outer mitochondrial 
membrane suggests that this domain may perform another undefined function. 
 We next wished to examine the bioinformatic likelihood that MCU’s MTS is a bone fide targeting 
signal. MCU’s MTS was previously predicted using MITOPROT software(139) (probability: 0.976).  
However, using the recently developed, and more accurate, targeting sequence software MitoFates(37), 
we found that the N-terminus of MCU possessed a much lower probability of being an MTS (probability: 
0.253).  The N-terminal domain of MCU lacks the putative positively charged amphipathic alpha helix 
that marks a mitochondrial targeting sequence, although it does contain a significant quantity of arginine 
peptides that are thought to be a part of this domain(140).  To examine if the N-terminal domain of MCU 
plays a role in mitochondrial localization, we expressed a mutant of MCU with or without the putative N-
terminal MTS [MCU(Δ2-57)-Flag](92) (Fig. 3.7A) in primary neurons (Fig. 3.7B, C).  MCU(Δ2-57)-Flag 
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still exhibited co-localization with Miro1 in axons, suggesting that this N-terminal domain is dispensable 
for mitochondrial localization.  We also subcloned the first 57 amino acids of MCU into the N1-sfGFP 
vector, linking this peptide to the fluorescent protein superfolder GFP[MCU(1-57)-sfGFP]. Previous 
results have shown that the MTS of an inner mitochondrial protein is sufficient for mitochondrial 
localization(141), and thus linking sfGFP to this prospective MTS should direct localization of this 
fluorescent protein to mitochondria. However, transfection of this vector into HEK cells revealed that 
MCU’s MTS linked to sfGFP does not direct localization to mitochondria, and instead appears in the 
cytoplasm (Fig. 3.7D), suggesting that the N-terminal domain of MCU is not sufficient to direct MCU 
localization into mitochondria. In contrast, sfGFP linked to full-length MCU is sufficient to direct 
localization with mitochondria, and co-localizes with Mito-mCherry (Fig. 3.7D).  Together, this indicates 
that the N-terminal domain of MCU does not function to target mitochondrial localization. 
Flag-MCU signal appears to be localized in the outer mitochondrial membrane in HEK cells, but 
excessive background caused by the cleaved peptide impairs proper examination and conclusions based 
on these results. To further establish that the N-terminus localizes to the outer mitochondrial membrane, 
we extracted mitochondria from transfected HEK cells, and examined the localization of the MCU Flag 
tag (Fig. 3.8). As previously shown in intact HEK cells, MCU-Flag localized with in the inner area of the 
mitochondria, while Flag-MCU localized to the outer mitochondrial membrane, and co-localized with 
Myc-Miro1. Interestingly, elimination of the MTS from Flag-MCU did not prevent localization to 
mitochondria, and its fluorescent profile appeared similar to MCU-Flag, in agreement with the previously 
established configuration(92). While the N-terminus of MCU appears to colocalize with the outer 
mitochondrial membrane, it is unclear if it is present on the inside or outside of the membrane.  Topology 
analysis shows a potential transmembrane domain at the 19-39 position of MCU, as well as a 
hydrophobic patch at amino acids 1-14 (Fig 3.7A), providing a plausible area for MCU to interact with 
the outer mitochondrial membrane.   
While MCU’s N-terminus localizes to the outer mitochondrial membrane, it is unclear if it is 
present in the intermembrane space side, or the cytoplasmic side, of the membrane. To determine the 
complete location of MCU’s N-terminus, we treated isolated mitochondria with Protease K, a general 
protease that selectively digests components located on the cytoplasmic side of the outer mitochondrial 
membrane, but does not act on proteins in the inter membrane space or the matrix (Fig. 3.9A).  TOMM20, 
an outer mitochondrial membrane protein, was efficiently digested by protease K treatment, while 
cytochrome C (located within the intermembrane space) and Mito-GFP (located in the matrix) were not 
affected (Fig. 3.9B).  We found that the Flag-MCU signal was completely eliminated upon treatment of 
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Protease K, confirming that the N-terminus of MCU is located on the cytoplasmic side of the outer 
mitochondrial membrane. 
Extracted mitochondria lose their putative oblong shape and turn into flat spheres (134), but the 
outer mitochondrial membrane remains intact, and is resolvable from other mitochondrial components.  
To test for abnormal swelling of mitochondria, we examined the Feret’s Minimum Diameter of our 
extracted mitochondria.  This measure examines the smallest possible diameter of a particle in an image.  
Our analysis of Mito-GFP signal found that this diameter of mitochondria was an average of 1.1 µm in all 
conditions (Fig 3.9C). This is in agreement with the manually measured diameter of intact mitochondria 
extracted using delicate conditions, and imaged with TEM (142), though the reduced resolution found 
with confocal microscopy compared to TEM can give mitochondria a larger appearance. 
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Figure 3.5: MCU interacts with Miro1. (A) MCU-Flag was immunoprecipitated with Flag 
antibody and agarose A/G beads, and the resulting precipitate was blotted for Myc-Miro1 and MCU-
Flag. (B) Myc-Miro1was immunoprecipitated with Myc Antibody and agarose A/G beads, and the 
resulting precipitate was blotted for MCU-Flag and Myc-Miro1. It is interesting to note that Miro1 
preferentially immunoprecipitated the upper unprocessed MCU band, rather than the processed lower 
band. 
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Figure 3.6 Localization of MCU’s N- and C-termini in Neuro2A cells. MCU-Flag (left) and Flag-
MCU (right) both colocalize with Myc-Miro1 in Neuro2A cell mitochondria. Inset is magnified from 
the white rectangle in both composites. Scale bar, 5 µm. 
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  Figure 3.7 MCU’s putative N-terminal mitochondria targeting sequence is neither necessary 
nor sufficient for directing mitochondrial localization of MCU.  (A) Map of MCU showing the 
TMBASE predicted transmembrane domain, as well as a potential hydrophobic patch at the tip of the 
N-terminal domain. (B) Expression of MCU-Flag and Myc-Miro1 in primary cells shows clear 
mitochondrial localization in axons. (C) Expression of MCU(Δ2-57)-Flag and Myc-Miro1 in primary 
cells shows mitochondrial localization in axons, despite the lack of a putative mitochondria targeting 
sequence. Scale bars, 5 µm. (D) MCU’s MTS is not sufficient to target a fluorescent protein to 
mitochondria. While MCU linked to sfGFP is able to colocalize with Mito-mCherry, sfGFP linked to 
MCU’s MTS (MCU(1-57)-sfGFP) was unable to direct localization to mitochondria, and instead 
localized to the cytoplasm. Scale bars, 10 µm. 
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  Figure 3.8 MCU-Flag, Flag-MCU, and Flag-MCUΔ2-57 all localize to isolated mitochondria. 
Mitochondria were isolated from transfected HEK cells and fixed onto coverslips, followed by 
immunostaining of both Flag and Myc. Scale bar: 1 µm. 
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  Figure 3.9 Protease K digestion of isolated mitochondria shows that the N-terminus of MCU 
penetrates the outer mitochondrial membrane. (A) Isolated mitochondria from Flag-MCU and 
Mito-GFP transfected HEK cells were treated with Protease K on ice for 30 minutes, and probed for 
Flag and either TOMM20, an outer mitochondrial membrane marker, or Cytochrome C an 
intermembrane space marker. TOMM20 and Flag-MCU were both efficiently digested by Protease K 
treatment, while Mito-GFP and Cytochrome C remained unaffected. Scale bar: 1 µm (B) 
Quantification of the results seen in (A). Error bars: S.E.M. (C) Feret’s Minimum Diameter analysis 
of Protease K treated mitochondria shows a typical diameter of 1.1 µm for isolated mitochondria, 
which is unaffected by Protease K treatment. N = 96 mitochondria for TOMM20 control, 51 for 
TOMM20 Protease K, 43 for Cytochome C control, 82 for Cytochrome C Protease K. Error bars: 
S.D. 
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Mapping the domain of interaction between MCU and Miro1 
Next, to investigate the role of MCU’s N-terminal domain (Fig. 3.10A) in the interaction with 
Miro1 (Fig. 3.10B), we performed immunoprecipitation analysis using cell extracts containing either 
MCU-Flag or MCU(Δ2-57)-Flag and Myc-Miro1. Deletion of MCU’s MTS (Fig. 3.10C) eliminates the 
interaction between MCU and Miro1, showing that this domain is essential for interaction. The DIME 
motif of MCU is predicted to project into the mitochondrial intermembrane space and is important for 
Ca2+ pore formation (90) (Fig. 3.10A). This is the only other domain that may interact with Miro1, as it is 
the only other putatively agreed upon domain of MCU that localizes to the intermembrane space(90, 92, 
95).  Thus, we also tested the importance of the DIME motif in regulating interaction between MCU and 
Miro1.  To this end, we changed several amino acids in the DIME motif (257EYSW260 to 257AAAA260 or 
261DIME264 to 261AAAA264).  However, these mutant MCU proteins still precipitated Miro1, suggesting 
that the dime motif is not involved in MCU-Miro1 interaction (Fig. 3.10D).  Next, to determine the Miro1 
region that interacts with MCU, we prepared two different constructs: 1) Myc-Miro1 lacking 
transmembrane domain and 2) Myc-Miro1 without the last 3 amino acids (615KQR618), which are thought 
to localize to the intermembrane space (Fig 3.10B). Fig. 3.10E shows that Miro1 transmembrane domain 
is required to interact with MCU.  This interaction is specific to Miro1 and MCU, as TOMM20-Myc was 
unable to be immunoprecipitated with MCU-Flag (Fig. 3.10F).  To further verify interaction between 
MCU and Miro1 in mitochondria, we performed FRET experiment using acceptor-photobleaching with 
isolated mitochondria (Fig. 3.10G).  Myc-Miro1 and Flag-MCU have a significantly higher FRET 
efficiency compared to that of TOMM20-Myc and Flag-MCU, supporting the claim that Miro1 interacts 
with MCU.  Furthermore, the DIME motif mutations did not affect the MCU-Miro1 interaction in isolated 
mitochondria (Fig. 3.10G), consistent with immunoprecipitation results.  In contrast, deletion of the N-
terminus of MCU significantly reduced the FRET signal (Fig. 3.10G).  Together, our results confirm that 
MCU and Miro1 interact through MCU’s N-terminus domain. 
In addition to the FRET analysis, we performed dSTORM imaging with isolated mitochondria 
(Fig. 3.11), which enabled us to demonstrate co-localization between Flag-MCU and Myc-Miro1 at 
nanoscale.  To analyze dSTORM images, we used nearest neighbor (NN) analysis, which measures the 
typical distance between two particles of different dSTORM channels.  NN analysis of the interaction 
between MCU and Miro1 showed a peak at approximately 5 nm with over 50% of molecules with a 
neighbor less than 10 nm apart.  Conversely, NN analysis between MCU and another outer mitochondrial 
membrane protein, TOMM20, revealed no interaction as analysis showed displayed a broad histogram 
without significant peak, with over 30% of molecules with a neighbor more than 50 nm away. This result 
105 
suggests that while TOMM20-Myc and Flag-MCU may colocalize with each other, it is a coincidental 
overlap and has no significance. 
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  Figure 3.10 Domain mapping of MCU and Miro1 interaction show a novel secondary purpose 
for the putative MCU MTS. (A) Map of MCU shows the possible domains, the MTS and the DIME 
loop, that exist in mitochondrial intermembrane space for Miro1 interaction. (B) Map of Miro1 
shows the domains available for interaction, which includes the single transmembrane domain and 
the KQR domain, which is thought to penetrate into the mitochondrial intermembrane space. (C) Co-
Immunoprecipitation of Myc-Miro1 with either MCU-Flag or (MCU(Δ2-57)-Flag). Removal of the 
MTS eliminates MCU-Miro1 interaction. (D) Co-Immunoprecipitation of Myc-Miro1 with either 
MCU-Flag, MCU(
257
EYSW
260
 to 
257
AAAA
260
)-Flag, or MCU(
261
DIME
264
 to 
261
AAAA
264
)-Flag. 
Elimination of the DIME loop motif from MCU did not affect Miro1 interaction. (E) Co-
Immunoprecipitation of Myc-Miro1, Myc-Miro1Δ594-618, or Myc-Miro1Δ616-518 with MCU-
Flag. Only elimination of the full transmembrane domain (Δ594-618) was sufficient to eliminate 
MCU-Miro1 interaction. (F) Co-Immunoprecipitation of TOMM20-Myc with MCU-Flag. TOMM20 
was unable to be co-immunoprecipitated with MCU-Flag, showing that Miro1 interaction is not a 
non-specific pull-down. (G) FRET analysis of the MCU-Miro1 interaction in isolated mitochondria. 
Flag-MCU:Myc-Miro1 showed a significantly higher FRET efficiency compared to Flag-
MCU:TOMM20-Myc. Flag-MCU(257EYSW260 to 257AAAA260) mutation did not affect this 
efficiency, while Flag-MCU(Δ2-57) showed significantly reduced FRET efficiency. N = Flag-
MCU:TOMM20-Myc: 72 mitochondria. Flag-MCU:Myc-Miro1: 78 mitochondria, Flag-
MCU(257EYSW260 to 257AAAA260):Myc-Miro1: 25 mitochondria, Flag-MCU(Δ2-57):Myc- Miro1: 23 
mitochondria. Scale bar: 1 µm. *P < 0.0001 Tukey’s ANOVA. Tukey’s box plot profile is shown. 
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  Figure 3.11 dSTORM analysis of MCU and Miro1 interaction in the outer mitochondrial 
membrane. Mitochondria were isolated from HEK cells transfected with Flag-MCU and either 
TOMM20-Myc or Myc-Miro1, and immunostained for Flag and Myc for dSTORM analysis. Nearest 
neighbor analysis using ThunderSTORM software showed a significantly higher proportion of Myc-
Miro1 neighbor localization compared to TOMM20-Myc negative control. P < 0.003 for nearest 
neighbor distance 1-12 nm. N = 11 mitochondria for TOMM20-MCU, 13 for Miro1- MCU. Error 
bars: S.E.M. 
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Cleavage of MCU’s N-terminal domain is calcium-dependent 
Having demonstrated that MCU’s N-terminus interacts with Miro1, we next addressed if Ca2+ 
elevation alters MCU-Miro1 interaction.  MCU is present in both unprocessed and processed form, and 
Miro1 preferentially binds to unprocessed from of MCU in mitochondria (Fig. 3.3B).  Thus, we 
hypothesized that high cytosolic Ca2+ levels would stimulate proteolysis of the N-terminal domain of 
MCU, disrupting MCU-Miro1 interaction to facilitate uptake of Ca2+ into mitochondria through MCU, 
and halt movement.  To test this hypothesis, we measured the intensity of MCU bands on the Western 
blot after cells were cultured in high Ca2+ concentration.   Fig. 3.12 shows a significant decrease in 
unprocessed MCU band after incubation with 10 mM CaCl2 for two days. Both bands of MCU show 
some reduction; however, only the reduction in the upper band is significant. Combined with our data 
showing that Miro1 preferentially binds to full-length MCU containing the N-terminal domain (amino 
acids from 2-57) of MCU in the outer mitochondrial membrane (Fig. 3.5B), these results imply that Ca2+ 
elevation initiates cleavage of MCU’s putative MTS to eliminate its interaction with Miro1.  Together, 
these data support a model in which Ca2+ elevation triggers proteolytic cleavage of MCU, thus disrupting 
interaction between MCU and Miro1.  
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  Figure 3.12 The role of calcium in the processing of MCU. HEK cells transfected with MCU-Flag 
had either 1.8 mM or 10 mM CaCl2 added to their media for 2 days, and then analyzed for Flag 
using Western Blot. The upper band, lower band, and ratio between the two were analyzed, adjusted 
to loading control and normalized to 1.8 mM CaCl2 as a control. N = 3, *P = 0.0075, **P = 0.0003. 
tested for statistical significance by two-tailed student’s t-test. Error bars: S.E.M. 
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MCU’s interaction with Miro1 regulates mitochondrial transport, but does not promote calcium influx  
While MCU and Miro1 have both proved essential for both mitochondrial transport and calcium 
influx (Fig. 3.2 and 3.4), it is not known what role their interaction plays in these functions.  To examine 
the possibility of a functional relationship, we tested mitochondrial movement using primary neurons 
expressing both shMCU and either MCU-Flag or MCUΔ2-57-Flag (Fig. 3.13A).  MCU has been 
previously shown to integrate normally into the uniplex complex with or without the presence of the MTS 
(91), implying that since it is still able to integrate into mitochondria, it is also able to integrate into the 
calcium uniplex.  While overexpression of MCU-Flag was able to rescue the reduced number of moving 
mitochondria caused by MCU knockdown, MCUΔ2-57-Flag overexpression was unable to rescue the 
total number of moving mitochondria (Fig. 3.13B).  MCUΔ2-57-Flag was also unable to rescue the 
reduction in mitochondrial velocity compared to control and wild type MCU recovery (Fig. 3.13C-F).  
Conversely, MCUΔ2-57-Flag was able to rescue calcium influx to the same level of MCU-Flag (Fig. 
3.14A-C).  This ability of this mutant’s expression to rescue calcium influx suggests that this interaction 
does not play a role in stimulating uniplex activity in mitochondria.  Thus, while both MCU and Miro1 
knockdown negatively affect calcium influx (Fig. 3.4), elimination of the interaction between them does 
not affect calcium influx. 
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  Figure 3.13 Analysis of MCU’s putative MTS’s role on mitochondrial velocity in axons. (A) 
Kymographs showing axonal anterograde movement of mitochondria in neurons expressing Mito-
dendra2 and either shctrl, shMCU + MCU-Flag, or shMCU + MCU(Δ2-57)-Flag. Mitochondria in 
the cell body were photoswitched using a 405 nm laser, and movement was followed every 15 
seconds for 1 hour. (B) Quantification of the total number of mitochondria leaving the cell body over 
the course of one hour, from either shctrl, shMCU + MCU-Flag, or shMCU + MCU(Δ2-57)-Flag. * = 
P < 0.02 one- way ANOVA uncorrected Fisher’s LSD test. Tukey’s box plot is shown. (C-D) Raw 
velocity distribution of anterograde axonal velocity of neurons expressing either shctrl, shMCU + 
MCU-Flag (C), or shMCU + MCU(Δ2-57)-Flag (D). Error bars: S.E.M. (E) Fokker-Planck equation 
fitted to the velocity distribution data seen in C and D. (F) Cumulative probability of the Fokker-
Planck equation fit seen in (E). * = P < 0.0002, tested for statistical significance by Kolmogorov-
Smirnov test. N = shctrl: 9 neurons, shMCU + MCU(Δ2-57)- Flag: 7, shMCU + MCU-Flag: 5. Note 
that the same control used in figure 3.2 was also used here. 
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  Figure 3.14 Analysis of MCU’s putative MTS’s role on mitochondrial calcium influx in Neuro 
2A cells. Cells expressing Mito-GEM-GECO, R-GECO, and either shctrl, shMCU + MCU-Flag (A), 
shMCU + MCU(Δ2-57)-Flag (B), or shMCU + MCU(257EYSW260 to 257AAAA260)-Flag (mut1) 
(C)  were exposed to 2 µm ionomycin, and the subsequent calcium spike was aligned with other 
replicates to analyze the mitochondrial response to calcium. Error bars: S.E.M. (D) Quantification of 
the Mito-GEM-GECO ratio the first frame after 2 µm ionomycin was added to Neuro 2A cells. One-
way ANOVA Dunnett’s multiple comparisons test was used for statistical analysis. Tukey’s box plot 
profile is shown. Note that the same control was used as in Figure 3.4, and statistics were all 
performed as one single ANOVA.  
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Discussion 
 Here, we provide evidence that MCU and Miro1 both play critical roles in regulating 
mitochondria calcium influx and axonal transport.  MCU, a protein located in the inner mitochondrial 
membrane, has the N-terminus projecting into the outer mitochondrial membrane.  While this domain has 
been previously categorized as MCU’s mitochondrial targeting domain(90, 92), our results have shown 
that this domain is dispensable for mitochondrial localization. Instead, this domain is responsible for 
interaction with Miro1, a protein located in the outer mitochondrial membrane. We have found that 
MCU-Miro1 interaction is regulated by Ca2+ level, and that this interaction affects mitochondrial 
movement in axons, without affecting calcium influx. Disruption of this interaction between MCU and 
Miro1 negatively affects mitochondrial movement, suggesting that MCU-Miro1 interaction is required to 
maintain the mitochondrial transport in axons, although this disruption does not negatively affect calcium 
influx into mitochondria. Together, our data identify that Miro1 is a novel component of the 
mitochondrial calcium uniplex, and demonstrate that interaction between MCU and Miro1 as a novel 
mechanism modulating mitochondrial transport.  Uniting these two previously separated mitochondrial 
functions within a single complex may lead to a greater understanding regarding the mechanisms 
regulating mitochondrial placement and metabolic function in neurons. 
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Chapter 4: 
Discussion and Future Efforts 
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 In this body of work, we have examined the fundamental nature of long-distance mitochondrial 
movement in axons, by establishing a new assay for axonal movement evaluation that overcomes 
previous limitations caused by small fields of view(13, 129, 130). Using this new methodology, we were 
able to examine the fate of mitochondria as they traveled down though the axon, as well as model their 
velocity according to a modification of the Fokker-Planck equation. In addition, our new technique 
allowed us to establish that MCU, the primary component of the mitochondrial calcium uniplex(90, 91), 
also plays a critical but hitherto unknown role in the regulation of mitochondrial movement in axons. 
While previous reports has established MCU’s role in facilitation of mitochondrial calcium influx(90, 91), 
and its various related molecular components(93, 99) none have found a functional relationship with a 
protein unrelated to its role in calcium level regulation. Here, we have found a biochemical interaction 
between MCU and Miro1, an outer mitochondrial membrane protein that regulates mitochondrial 
movement through calcium(49). Interactions between the inner and outer mitochondrial membrane are 
rare, only typically occurring within interactions between the TIM complex for inner mitochondrial 
membrane and matrix protein integration(120). While the majority of the functional domains in MCU 
have been identified and categorized(94, 143), the putative mitochondrial targeting sequence has been 
largely ignored. We have found that this domain is not related to import of MCU into mitochondria, and 
instead is an integral regulator of this interaction through the presence of a transmembrane domain 
present within this area. 
Modeling axonal mitochondria mobility and velocity using a photoswitchable marker.  
In axons, mitochondrial movement is a chaotic feature; mitochondria move back and forth 
through the structure, change velocity, reverse direction, stop, resume transport, and interact with other 
mitochondria already present within the neurite. Previous reports attempting to understand and categorize 
this phenomenon have rightly focused on the molecular processes of movement, using high-resolution 
live cell microscopy with fluorescent substrates, or fixing cells to look at the colocalization of 
mitochondria with synaptic features(44). While this approach is not necessarily wrong, and does answer 
many questions regarding the nature and function of mitochondria in this area, it does leave gaps in the 
knowledge regarding the overall purpose of this transport in the larger context of the axon. Under these 
conditions, individual moving mitochondria can only be distinguished by using by using high frame rates 
and small fields of view, which can damage cells and thus influence mitochondrial behavior. 
Furthermore, simple questions become difficult to answer; for example, while mitochondria may pause on 
top of stationary mitochondria, and then continue moving, it is not possible to determine if these 
mitochondria have any actual interaction with each other.  By using mitochondria localized dendra2(131), 
we were able to overcome this issue, by marking a specific population of mitochondria. Photoconverted 
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mitochondria are distinct from unconverted populations, allowing us to see their movement patterns, as 
well as their fusion/fission interactions with other mitochondria already present in the area. We found 
that, beyond a certain point, the actual resolution used for analysis does not affect the results, allowing us 
to examine the whole axon under fairly benign conditions. So, while higher resolution imaging is 
advantageous for addressing certain questions, our technique can be broadly applied to a variety of 
inquiries related to mitochondrial movement, distribution, and destination over long periods of time. 
This method has also allowed us to address basic unanswered questions regarding the destination 
of mitochondria as they travel through the axon, such as their final destination length of axon traveled. 
Our results demonstrate that mitochondrial transport is asymmetrical; mitochondria originating from the 
cell body are able to travel the full length of the axon, reaching the most distal areas, while mitochondria 
present in the distal tips typically only undergo local trafficking, without reaching the cell body. Through 
the separation of anterograde and retrograde mitochondria, we found that we could treat all of the moving 
mitochondria in a cell as a single entity, and form a total velocity distribution for all identified 
mitochondria. From this distribution, we formed a derivation of the Fokker-Planck equation(132) to fit to 
our data,  which provides a host of data regarding the shape and curve of the derived line. This curve 
identified the differences caused by addition of a mitochondrial depolarizer, as well as that caused by 
overexpression of Flag-Parkin, a known effector of mitochondrial movement(63). 
However, while we have used this equation to great effect to investigate several aspects of 
mitochondrial movement, we have only used a single aspect of this equation for our purposes, using it to 
examine increases and decreases in mitochondrial velocity. The variables associated with our equation 
provide more detailed information regarding the pitch and size of the data, which could be interpreted to 
reflect different aspects of mitochondrial movement, such as frequency of stopping, temporary reductions 
or increases in velocity, or other portions of mitochondrial movement. Further interpretation of these 
variables could provide useful information that can be extrapolated according to the phenotype measured. 
In addition, our data examines mitochondria in a cell as a single entity, grouping all mitochondria in a 
single cell and drawing conclusions based on general data. However, it would be interesting to examine 
the velocity and final direction of single mitochondrion as they travel through the axon. This 
methodology and use of pyramidal neurons makes routine tracking of mitochondria from the cell body to 
the terminal difficult, as the location of the terminal is variable, and difficult to identify in a normal 
hippocampal primary cell culture. Performing the same methodology using microfluidic chambers that 
isolate axons from cell bodies and establish axonal directionality, or using a neuronal subtype such as 
DRG neurons, which have simpler axonal architecture, may help to solve the technical issues associated 
with the complex axonal tree formed by pyramidal neurons.  Mitochondrial movement is also variable 
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throughout the maturity of the neuronal axon; immature axons have been found to possess more moving 
mitochondria compared to mature axons, and thus would likely display a different velocity 
distribution(52). Besides those in axons, mitochondria present in the dendrites may also display different 
movement patterns. These mitochondria possess different TRAK components compared to axons(56), and 
the microtubules do not show a homogenous orientation, implying that mitochondria transport is not 
regulated by the same means. Indeed, a previous report has shown that activity-induced calcium spikes do 
not affect transport in dendrites of retinal ganglion cells(52), suggesting an entirely different mechanism. 
Importantly, our formula also does not necessarily need to be restricted to mitochondrial velocity 
and analysis. Various other organelles are also transported across the axon, and abnormalities associated 
with their transport could be related to a variety of neuronal deficiencies. In particular, synaptic vesicles 
are known to be transported throughout the axon(10, 11). While these vesicles are significantly faster 
compared to mitochondria, it is likely that their transport tends to follow similar stochastic trends 
compared to mitochondria. Thus, our formula could be extrapolated to look at the behavior of these 
vesicles in response to different stimuli, such as neuronal activation and LTP. 
Miro1’s role in mitochondrial movement and homeostasis 
Whole axon analysis of mitochondrial transport confirms that Miro1 is critical for maintaining 
axonal transport of mitochondria. However, while our results show that knockdown of Miro1 
significantly impacts both mitochondrial movement and calcium influx, the nature of these results are 
unusual. First, while knockdown of Miro1 significantly reduces the total number of moving mitochondria, 
as previously demonstrated(39), anterograde velocity is significantly increased compared to control. 
While other reports have been conflicted regarding the true role of Miro1 in transport regulation(38, 39, 
60), ours is the first indication that Miro1 knockdown may actually increase the velocity of axonal 
mitochondria. While this result does not agree with the current proposed mechanism of mitochondrial 
transport, there are several interesting possibilities that could be pursued to understand this phenotype. 
First, while our studies have focused on Miro1, the paralog Miro2 is also present in mammalian cells(43, 
45). Miro2 protein sequence has a 60% identity match with Miro1, and also contains the EF-hands found 
in its paralog. Previous results regarding which is the dominant regulator of mitochondrial movement are 
muddled; some results have shown that Miro1 is the primary movement regulator(39, 48, 49, 63, 64), 
while others have shown that Miro1’s role is minimal(38), and instead Miro2 is the main factor in 
regulating this function(60). Our data suggest a more complex mechanism may be at play in the 
regulation of mitochondrial movement. Miro1 may play an important role in slowing down mitochondrial 
movement as a braking mechanism, while Miro2 may play a role in facilitating faster movement. The 
presence of both is likely necessary for mitochondrial movement regulation, and thus knockdown of 
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Miro1 would also reduce the total number of moving mitochondria, as our data show. Here, our results 
demonstrate that the regulatory measures that Miro1 plays in mitochondrial transport is a complex system 
reliant on several other factors to propagate movement. 
The mitochondrial calcium uniplex regulates mitochondrial movement through a novel two-membrane 
connection to Miro1 
 Our work in identifying MCU as an accessory component of the mitochondrial movement 
regulation complex has confirmed our previous results, which demonstrated that internal components of 
mitochondria play an important role in mitochondrial mobility(48). This phenotype appears to form the 
entire basis of the interaction with Miro1 (Fig. 4.1); our results suggest that the interaction between the 
uniplex and Miro1 are a critical factor in maintaining steady mitochondrial velocity, while largely not 
affecting MCU’s role in calcium influx. Identification of MCU’s targeting sequence as a Miro targeting 
sequence is an unusual but not unprecedented feature of mitochondrial proteins. The targeting sequence 
of the c subunit of ATP synthase, which acts as a inner membrane transmembrane component of this 
complex, has been previously found to be essential ATP production in addition to directing mitochondrial 
localization(141). In addition, the targeting sequence of outer mitochondrial membrane proteins is 
typically not cleaved, and instead acts as a transmembrane domain for outer membrane integration. While 
it is clear that interaction between MCU’s MTS and Miro1 is critical for maintaining velocity, the 
complete contextual mechanism, or the “why”, is not entirely understood. Other factors may play a role in 
this regard; for example, the uniplex has a neuronal only component, MICU3(103). This component has 
been largely ignored in the study of the calcium uniporter, as the majority of studies have been performed 
in immortal cell lines(90, 91) or heart tissue(111), as mitochondrial calcium fluctuations have been found 
to play an important role in cardiac infarction there. However, the fact that the uniplex has a neuron 
exclusive component suggests that there is neuron exclusive functional aspect of the uniporter there. 
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Figure 4.1 Model of MCU-Miro1 interaction. In a mobile state, Miro1 and MCU are bound in the 
outer mitochondrial membrane, through MCU’s putative MTS. Upon exposure to calcium, MCU is 
cleaved, and movement is halted.	
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Stoichiometric issues with MCU-Miro1 interaction, and its role in transport 
 An important concern within this study is the native expression level of the larger interacting 
form of MCU, which we propose is responsible for regulation of mitochondrial transport, in comparison 
to the transport machinery of mitochondria. While it is true that the majority of this protein is in the 
cleaved formation, we do not believe that this excludes this form from having a biological purpose 
regarding transport. MCU forms a pentameric pore to conduct calcium influx(94), and our model only 
requires a single MCU protein out of five to remain unprocessed.  In addition, the majority of 
mitochondria in a typical neuron are stationary, and only 20-30% of mitochondria are mobile(38, 39, 48). 
A simplistic mathematical analysis with these numbers would say that only 5-6% of the total MCU 
content would need to be in its unprocessed form for our model to function. The total number of mobile 
mitochondria also decreases as the neuron matures(52, 127), which would result in an even lower 
presence of the larger MCU form. Altogether, we find that the unprocessed form’s reduced presence does 
not exclude it from being a functional domain.  
Another issue that arises is the quantity of MCU compared to the transport machinery in 
mitochondria. If the total number of motors available on a particular mitochondrion were disproportionate 
compared to the quantity of the calcium uniplex, then the role MCU plays in mitochondrial transport 
would be difficult to understand. Generally he total number of motors present on a mammalian 
mitochondrion has typically not been a subject of quantification, although indirect evidence has suggested 
as few as 2(144) to as many as 200(145) motors per mitochondrion, although the latter number was 
obtained with protein extracts and extracted mitochondria, separated from microtubules. An interesting 
study using giant amoeba Reticulomyxa found 1-4 motors per mitochondrion connected to microtubules 
in vivo (146) using TEM, while measuring total force generation of organelle movement. However, it 
should be noted that these mitochondria are much smaller compared to those found in mammalian tissue, 
and it is likely that this number underestimates what is found in other organisms. In addition, this study 
also did not directly identify the microtubule attachments as motors, only as proteinaceous connections to 
tubulin. Interestingly, MCU particles found using superresolution imaging techniques have shown an 
average of 8 channels per mitochondrion, a surprisingly low number (147). If the numbers obtained from 
amoeba mitochondria are extrapolated to larger mammalian mitochondria, then the number of MCU 
complexes and transport complexes may correlate with each other. 
Miro1 is an essential component in the regulation of mitochondrial calcium influx 
While Miro1’s putative role in mitochondrial transport has been well studied, we have also found 
that Miro1 plays a direct role in calcium influx regulation. This is in itself not a new concept; Miro1 has 
been previously shown to control calcium influx(119), likely through calcium interaction via its EF-
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hands(48). However, while it is interesting to note that while we have clear evidence that MCU regulates 
Miro1 to modulate mitochondrial movement and velocity through its MTS interaction, the Miro1-MCU 
interaction has no obvious effect on calcium influx. Our current evidence suggests that this interaction is 
dispensable for calcium influx, and MCU and Miro1 act through different pathways to regulate calcium 
influx. This is not an unlikely scenario; Miro1 yeast ortholog Gem1 has been tentatively found to interact 
with the ER(59, 148), although this concept is controversial(149) and the connection has not been 
conclusively shown to exist in mammalian cells. It is possible that Miro1 allows mitochondria to position 
near to ER, while MCU regulates calcium within the matrix itself, without outer membrane interaction. 
Still, our results do not entirely exclude the chance that Miro1 may play a regulatory role on calcium 
influx. Rather, we have shown that deletion of this interaction does not play a significant role in 
restricting calcium influx. It is possible that maintaining this interaction would impact mitochondrial 
calcium homeostasis, and a microburst of calcium would break this interaction, allowing MCU to change 
its conformation and function properly. Our result demonstrating that MCU’s cleavage is calcium-
dependent (Fig. 3.12) suggests that this may be the case. Cleavage of MCU’s MTS is an irreversible 
process, the implications of which are in agreement with our axonal stationary mitochondria analysis, 
showing that mitochondria in axons will remain in the same place for an indefinite period of time due to 
the irreversible dismantling of its transport machinery (Fig. 2.15). Our earlier results  has also shown 
frequent kiss-and-run fusion(133) between stationary and mobile mitochondria, suggesting that these 
mitochondria are supported by mobile mitochondria with newly translated components from the cell 
body. 
The role of the MCU-Miro1 interaction in neuronal disease, and future prospects 
 The unique role of MCU in the regulation of mitochondrial transport in axons may have 
important implications in neuronal disease. As previously stated, a knockout mouse model of MCU 
produced a minimal number of defects(96).  However, these mice are a hybrid of two different mice 
stains, as knockout of MCU in C57BL/6 was embryonic lethal, and the cause for this lethality has not 
been explored. The use of hybrid mice is problematic, as this may have introduced extrinsic factors into 
the mouse. Considering that our results were performed on a pure B6 mouse, where MCU knockout is 
lethal, our observed deficits in mitochondrial transport likely contributes a part of this knockout’s 
lethality. This possibility is reflected in the MICU1 knockout phenotype, where a host of physical 
deficiencies are present upon deletion of this protein(112, 113). In addition, neurological symptoms have 
been observed in human children with genetic knockout of MICU1(150). Miro1 is associated with 
clearing of dysfunctional mitochondria(64), and knockout of this protein also produces severe motor 
neuron deficits through (38), showing that this complex is critical for maintenance of neuronal health. By 
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linking the function of these two complexes together, it is possible that the exact mechanism of these 
defects could be uncovered. Altogether, by showing that the pathways between these two functions are 
linked within the same complex, new avenues of research linking both transport of mitochondria and 
axonal metabolism could be established. 
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Appendix: Values for Fokker-Planck Equation 
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Values for Chapter 2: 
 
Control 
    
 
A B n m 
Anterograde 0.140771569 1.054299061 0.239779955 -0.5 
0 - 200 µm 0.224889288 3.444879506 0.296420078 -2.226344345 
200 µm to end 0.123164759 0.567760189 0.301639051 -4.087513419 
Retrograde 546.4304454 10.40098126 1.766654761 2.32680659 
 
 
1 µM CCCP 
    
 
A B n m 
-30 to 0 0.221758015 1.526479508 0.472439348 -0.519639183 
0 to 30 0.33292797 2.257007762 0.387214684 0.141303755 
30 to 60 21093.98661 15.30370014 2.886812693 3.371197863 
60 to 90 0.138783248 3.453122885 -0.487705709 -0.476466841 
 
 
Differential Examination of Velocity 
   
 
A B n m 
70 µm,5 minutes 0.135874797 0.00305493 1.286535827 -21.03719675 
70 µm, 15 minutes 0.13870076 0.031093176 1.124762053 -12.76914362 
70 µm, 25 minutes 0.132625303 0.022454411 0.991060859 -13.98468568 
70 µm, 60 minutes 0.183437103 0.24694311 1.940460579 -4.500589716 
70 µm, 120 minutes 0.16273939 0.305660883 1.283835932 -4.419160939 
300 µm, 15 minutes 0.2745441 0.757558966 2.296999157 -0.34390076 
500 µm, 25 minutes 0.116937814 0.152679521 0.549509632 -7.118467615 
Whole axon, 120 minutes 0.094212597 0.227922686 0.12776987 -6.375707369 
 
 
Flag-Parkin 
    
 
A B n m 
Anterograde 0.082414013 0.779862354 -0.216277068 -2.759124353 
Retrograde 9960.454315 13.88202466 2.235353279 2.824210632 	
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Values for Chapter 3: 
 
 
A B n m 
shctrl 0.110986994 0.374169921 0.384332306 -2.99478687 
shMCU 0.145922784 1.05373792 0.257258635 -0.915528479 
shMiro1 0.122325549 0.304156825 0.839060766 -2.538848705 
shMCU + MCU-Flag 0.226895042 1.200453613 0.854319036 -0.281554802 
shMCU +  
MCUΔ2-57-Flag 0.164941258 1.102509692 0.390656374 -0.867754423 
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